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1. INTRODUCTION 
 

1.1. Beta2 integrin adhesion receptors and their role in inflammation 

 

Integrins control leukocyte development and maturation in the bone marrow (BM), recircul-

ation of naïve cells in secondary lymphoid tissue and leukocyte responses to inflammatory 

signals emanating from the injured tissues (1) by integrating extracellular environment with 

the cytoskeleton (2). The group of integrins is represented by 24 distinct members with β2 and 

β7 expressed only on leukocytes (1). Noteworthy, β2 integrins (CD11/CD18) are crucially in-

volved in regulating the recirculation pattern of leukocytes from innate and adaptive immun-

ity to tissues. For example, neutrophils emigration to the sites of infection (3) and naïve lym-

phocyte extravasation through high endothelial venules (HEV) in peripheral lymph nodes 

(LN) (4) are severly impaired in β2 integrins deficient mice. Apart from that, they importantly 

participate in cellular adhesion and signaling in cytotoxicity function of NK and CD8 T cells 

(5-7), phagocytosis and cytokine secretion of macrophages (8) and lymphocytes (9, 10) or 

cellular adhesion and costimulatory signaling controling lymphocyte activation (11) stimula-

ted by antigen presenting cells (APC). 

 

1.1.1. Structure and function of β2 integrins 

 

Beta2 integrins are heterodimeric receptors, composed of a common β2 chain (CD18) non-

covalently bound with one out of four different alpha chains termed αLβ2 (LFA-1), αMβ2 

(MAC-1), αXβ2 (p150/95) and αDβ2 (CD11d/CD18) (Figure 1A). They are differentially 

expressed by the diverse leukocytes subpopulations (12-14), and bind to a variety of ligands 

including blood coagulation Factor X, fibronectin, fibrinogen, complement fragment iC3b, 

polysaccharides, bacterial and fungal products (15), CD90 (Thy1) (16), and, importantly, 

immunoglobulin superfamily members of intercellular adhesion molecules (ICAM-1, ICAM-

2, ICAM-3) (12, 14, 17), and others. LFA-1 is the only β2 integrin that is expressed on cells of 

the lymphoid lineage (7, 12, 14). It critically contributes to important T and B lymphocyte 

functions like transmigration, cytokine production, proliferation and cytotoxic activity (4, 6, 

14, 18, 19). These occur during immune and other inflammatory responses. Furthermore, 

lymphocyte function can be regulated by surface receptors (for examples of the ICAM family) 

that bind to β2 integrins expressed on the interacting counterpart immune cells. Such may be 

of lymphoid or myeloid origin (20).  
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Figure 1.  Structure of β2 integrins. (A) The common β chain (CD18) associates with one out of four 
different α subunits, αL, αM, αX and αD, forming the distinct functional heterodimers LFA-1 (CD11a/CD18), 
Mac-1 (CD11b/CD18), gp150,95 (CD11c/CD18) or CD11d/ CD18. CD11/CD18 heterodimeric molecules are 
involved in cell-cell and cell-matrix adhesion during leukocyte recirculation and immune response formation. 
(B) Structural organization of supramolecular activation clusters (SMAC) formed at the site of contact between 
the surface of a T cell with an APC (cross-section through the centre of a T cell-APC contact) showing a segre-
gation of TCR/CD3 and CD28 in the central (c-) SMAC and LFA-1 in peripheral (p-) SMAC. 
 

ICAM-1 is inducible on leukocytes and endothelial cells by inflammatory mediators like IL-1, 

TNF or LPS, while ICAM-2 is constitutively expressed on endothelium (12). To avoid an 

unwanted, permanent random attachment of flowing blood leukocytes to vessel walls, circula-

ting peripheral blood lymphocytes express constant levels of LFA-1 in its inactive form (1, 

21). Change of LFA-1 into its active conformation can be obtained by triggering distinct 

chemokine receptors or antigen receptors (T cell receptor, TCR; B cell receptor, BCR) on 

lymphocytes that lead to a transient change of affinity and avidity (clustering) of LFA-1 re-

ferred to as inside-out signaling (2, 22). Ligand binding to ICAM-1 induces intracellular sig-

nals affecting apoptosis, cytotoxicity, proliferation, cytokine production and antigen present-

ation termed outside-in signaling (21). Interestingly, the role of β2 integrin ligands for acti-

vation of T cells is demonstrated by a costimulatory function of ICAM-1 inducing full T cell 

activation in addition to TCR-mediated stimulation (23). In contrast, activated Mac-1 ex-

pressed on interacting dendritic cells (DC) can alternatively prevent complete activation of T 

cells (20).  
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In lymphocytes, LFA-1 participates in the formation of the highly organized supramolecular 

activation clusters (SMAC) (24) or immunological synapses (25), which appear at the site of 

contact between APC and T cells (Figure 1B). Activation signals mediated by the TCR 

triggers receptor segregation and leads to the formation of a central SMAC (c-SMAC) in-

cluding TCR/CD3, peptide-MHC, CD4, CD8, CD28, CD80 and a peripheral SMAC (p-

SMAC; a ring surrounding the c-SMAC) including LFA-1 and ICAM-1 receptors (26, 27). 

Induction of high affinity integrin binding (2) enhances the overall avidity of the contact 

supplying signal 2 complementing the specific TCR signal 1, which leads to full T cell acti-

vation (24). Hence, β2 integrins simultaneously provide stable adhesion and transduction of 

additional signaling for T cell activation. This may be particularly relevant at low antigen 

doses (28, 29). It has been shown that in presence of functional β2 integrins, 100-fold less pep-

tide is required for TCR internalization (28). Vice versa, defective lymphocyte activation as 

caused by absence of β2 integrins can be overcome when high ligand densities on antigens are 

provided. For example, a proper immune response could be induced even in LFA1-/- mice in 

vivo, if infected by the highly replicating lymphocytic choriomeningitis virus (LCMV), or in 

vitro, if high antigen concentrations were present (28, 30). 

 

1.1.2. Reduced expression or loss of β2 integrin function leads to a rare disease 

termed leukocyte adhesion deficiency 1 (LAD1)  

 

In humans, a rare genetic defect affecting either the function or the level of expression of 

CD11/CD18 heterodimers on leukocytes is known as leukocyte adhesion deficiency syn-

drome type 1 (LAD1) (31-34). LAD1 was first described as an entity among primary immu-

nodeficiency diseases in 1979 by Hayward, who observed features of this disease along with a 

remarkable delay of detachment of the umbilical cord (35). Patients suffering from this syn-

drome present persistent peripheral leukocytosis and no pus formation. They develop recur-

rent or chronic bacterial or fungal infections (31, 36), delayed wound healing but do not suc-

cumb to severe viral infections (36, 37). On the cellular level, absence of functional CD11/ 

CD18 integrins on leukocytes leads to deficiencies in adhesion and adhesion-dependent func-

tions resulting in an inabilty to accumulate at sites of infection (31). LAD1 patients present 

with diminished NK and cytotoxic T cells functions which may improve after repeated re-

stimulation (37, 38). T cells from these patients proliferate normally and can raise an immune 

response against keyhole limpet hemocyanin but are not able to provide full help to B cells for 

antibody (Ab) production (36). The degree of deficiency in β2 integrins in LAD1 patients may 
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range from complete absence to an expression of 20-30% of the normal expression level, and, 

remarkably, the degree of deficiency correlates with the severity of the disease (34, 39). 

Heterozygous carriers with approximately 50% expression of β2 integrins are clinically heal-

thy (31). LAD1 patients with normal levels of β2 integrin expression but carrying mutations 

(34) or with impaired inside-out signaling affecting affinity and avidity of β2 integrins have 

also been observed (36).  

A murine knockout model with a complete absence of CD11/CD18 molecules (CD18-/-) has 

been generated (40). Notably, it is characterized by leukocytosis, impaired recirculation of 

granulocytes into sites of imflammation, defective lymphocyte function and spontaneous skin 

ulcerations (40) thus closely resembling the human LAD1 syndrom. In this respect, the 

CD18-/- mouse model represents an opportunity for better understanding the functional defects 

of leukocytes participating in immunity and furthermore development of new strategies for 

therapeutic approaches for treatement of LAD1 patients.  

 

1.2. Organization of the immune system 

 

A key feature of the immune system is its sophisticated spatial organization and the dynamic 

homeostatic recirculation of leukocytes surveying for pathogen invasion and neoplastic trans-

formation in the organism. This requires coordinated leukocyte transmigration through endo-

thelial barriers into the tissues of the different organs (17), followed by further cell-cell con-

tacts resulting in leukocyte activation and mediation of effector functions (41). A wide variety 

of cellular types comprising granulocytes, macrophages, B, T, NK and NKT lymphocytes 

collaborate to synchronize humoral or cell-mediated responses of the innate and adaptive im-

munity. Major operational systems and cell types of innate immunity are complement, macro-

phages, granulocytes, mast and NK cells. Their role is to elicit a fast response directly in the 

place of infection or inflammation recognising relatively unspecific but highly repetitive anti-

gens. Along with that they initiate and encompass the temporally delayed development of 

adaptive immunity. 

Primary adaptive immune responses are initiated in specialized secondary immune organs. 

They are characterized by an emerging, ‘adaptive’ specificity and the generation of a long-

lasting immunological memory. The latter is born by B and T lymphocytes, which are able to 

respond promptly at second encounter with ‘their’ specific antigen either in the secondary 

lymphoid organs or in non-lymphoid tissues (42). In between innate and adaptive immunity 

stand distinct cellular subtypes like NKT, TCRαβ and TCRγδ DN T cells. These unite certain 
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features of both innate and adaptive immunity such as an oligoclonal TCR repertoire, tissue 

restriction and the ablity to develop into memory cells, hence playing an intermediate role in 

linking and regulating innate with adaptive immune responses (43). Tracing the origin of the 

whole variety of immune cells revealed they all originate from pluripotent BM precursors, 

which, dependent on the environment, differentiate into distinct cellular subsets.  

 

1.2.1. Primary immune organs 

 

BM and thymus are the primary immune organs in mammals (44), which provide stromal 

niches for generation and differentiation of lymphoid progenitors. Whereas with regard to the 

lymphoid lineage, the BM mainly gives rise to mature naïve (antigen-unexperienced) B cells, 

the thymus produces naïve T cells. When released from the primary immune organs, these 

naïve lymphocytes continuously replenish and survey the secondary immune organs in the 

body (45). Importantly, the thymus provides key mechanisms for the generation of functional 

T cells with a broad variety of antigen specificities as well as for the elimination of auto-

reactive cells and creation of central tolerance during T cell production and maturation (46). 

These mechanisms are termed ‘positive’ and ‘negative’ intrathymic selection. Furthermore, a 

privileged recirculation of effector T cells through the thymus showed to play a likely role for 

deletion of autoreactive T cells from the periphery and control of autoimmunity (47). Apart 

from being a primary hematopoietic organ, the BM plays an important role in hosting and 

regulating adaptive immunity (48). It is a preferential site for finally differentiated long living 

Ab-secreting plasma cells (49, 50) and central memory CD8+ T cells (51, 52). Noteworthy, 

the reservoir of central memory CD8+ T cells in the BM is maintained by IL-15 which is 

secreted by non-T cells (52).  

 

1.2.2. Secondary immune organs 

 

Secondary immune organs are specialized places where adaptive immunity develops after 

meeting foreign antigens tresspassing the physiological barriers of the body. The secondary 

immune organs comprize the peripheral (pLN) and mesenteric (mLN) LN, spleen, bronchial-

associated lymphoid tissue (BALT), mucosa-associated lymphoid tissues (MALT) and gut 

associated lymphoid tissues (GALT) including tonsils, appendix, Peyer patches (PP) (53) in 

which homeostatic chemokines (CCL19, CCL21, CXCL13) guide the recruitment of naïve T 

and B lymphocytes (45) as well as of DC (54, 55). Naïve T and B cells from the blood trans-

migrate via specialized high endothelial venules (HEV) and localize into compartmentalized 
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microenvironment paracortex for T cells and follicles for B cells in LN and PP (54, 56). In 

parallel, secondary immune organs host APC like tissue DC and Langerhans cells arriving 

through afferent lymphatics from the correspondingly drained tissues (46). In LN and spleen, 

APC migrate to T cell areas (54, 55) and expose the captured foreign antigens to naïve T cell 

clones in order to produce, activate and clonally expand effector T cells, which are released 

into the blood and enter the infected sites (45). Certain antigen-experienced or memory CD4+ 

T cells can further migrate into the LN follicles and provide help for activation of specific B 

cell clones (57). So called germinal centers of proliferating B cells are formed and the 

obtained finally differentiated antibody secreting plasma cells then localize to the medulary 

cords of LN or the red pulp of the spleen (57). Alternatively, naïve B and T lymphocytes that 

were not activated by their specific receptor then continue patrolling through all secondary 

immune organs (54). 

Conversely to tissue draining LN, PP, GALT and BALT, the major role of the spleen is to 

generate adaptive immune response against blood-borne antigens (45). As the largest second-

ary lymphoid organ, the spleen is composed of two major segments, the red pulp where old 

red blood cells are eliminated, and the white pulp comprising the B and T cell area for initiat-

ion of antigen specific immune responses (58) (Figure 2). The white pulp is organized in a 

periarteriolar lymphoid sheath (PALS) formed by patrolling T lymphocytes around the arte-

rioles and by B cells surrounding these T cells. White and the red pulp stand not in direct con-

tact but are separated by a ‘marginal zone’, which is rich of memory B cells and macrophages 

(59). Notably, the macrophages located in this area can phagocytose blood-borne pathogens 

and stimulate B cells in this area in a T cell-independent manner (60). Transiently residing 

DC recirculating with the blood can uptake antigenic fragments and then migrate to T cell 

areas in the white pulp for antigen presentation (59). Similar to HEV in the LN, the marginal 

zone, is a regulatory site of lymphocyte trafficking to the white pulp (54, 61). 

Belonging to the GALT, PP are the most important lymphoid tissue in which antigen pre-

sentation is performed by specialized epithelial cells. Within the PP, B lymphocytes form fol-

licles surrounded by small T lymphocytes. Analogous structures of highly organized lympho-

cyte aggregates are also found in the of the BALT and MALT (53). 

Collectively, although different in their appearance, the secondary immune organs share im-

portant similarities in their basic structural organization and manner of function. 
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Figure 2.  Anatomy of secondary immune organs. (A). Structural organization and cellular compart-
mentalization of LN. This scheme of a longitudinal section shows primary and secondary follicles with and with-
out germinal centers comprising B cells; paracortical area with T cells; medulary cords localizing antigen-secret-
ing plasma cells; medulary sinus; afferent lymphatic vessels through which DC and Langerhans cells enter the 
LN for antigen presentation; and efferent lymphatic vessel. (B) Structural organization of the spleen into red and 
white pulp. Cellular organization of the white pulp around a central arteriole is shown by schemes of transverse 
and longitudinal sections. T cells accumulate and form the periarteriolar lymphoid sheath (PALS). B cells 
accumulate around the PALS and when activated proliferate in germinal centers. An envelope is formed by the 
marginal zone (perifollicular zone) rich of macrophages and memory B cells surrounding the white pulp and 
separating it from the red pulp. The latter of which contains the majority of red blood cells. 
 

 15



Tsvetelina Veleva-Oreshkova  Introduction 

1.2.3. Non-lymphoid organs 

 

Non-lymphoid organs bordering on outside environment are equipped with physiological 

barriers like epithelia that line the internal and external surfaces of the body preventing en-

trance of pathogens. In addition, non-lymphoid organs are populated by phagocytes (macro-

phages and DC), NK cells and epithelia of organs by TCRγδ lymphocytes. All these cells 

together with recruited neutrophils outline major subsets of innate immunity and are endowed 

with abilities of immediate effector functions like phagocytosis, cytotoxicity and cytokine 

release to keep organ integrity. Failure of innate immunity to cope and remove pathogens 

usually results in the recruitment of adaptive immunity generating an antigen-specific im-

mune response. Taken up and processed by macrophages and DC foreign antigen is effective-

ly presented to T cells in the supplying secondary lymphoid tissues, for example in the tissue-

draining LN, where a primary immune response is formed (53). Thereby, specifically acti-

vated effector T cells are produced, expanded and subsequently released from the secondary 

immune organs to circulate to and enter the local sites of infections in non-lymphoid tissues 

following a defined migration program (62, 63). After pathogen clearance, the abundant num-

bers of effector T cells are subjected to phase of contraction (64) and only a small number 

from them survive and differentiate into memory T cells. Some of the cells differentiate into 

central memory T cells which traffick through the peripheral LN (42), other develop into 

effector memory T cells preferentially recirculating through non-lymphoid tissues. Thus, 

memory T cells function to keep the immunological memory about antigens previously conta-

minating the tissues, and hence provide a rapid and effective response at an eventual second 

encounter with the respective antigen. 

 

1.3. Lymphocyte recirculation 

 

First suggested by Butcher and Springer, a so-called ‘three step model’ unravels the step-by-

step mechanisms involved in endothelial transmigration of recirculating lymphocytes which 

can be subdiveded into sequential overlapping events of interactions between leukocyte adhe-

sion molecules and their specific ligands. The ability of lymphocytes to emigrate into tissues 

or LN requires overcoming of shear stress forces of the flowing blood and involves defined 

codes of chemoatractants, selectins and integrins. During the first step L-selectins and α4 inte-

grines play a major role reducing intravascular lymphocyte velocity by tethering and rolling 

along the vessel wall (Figure 3) (65, 66). In a second phase, chemokine molecules displayed 
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on the endothelium get into contact with chemokine receptors on rolling lymphocytes and 

activate β2 integrins, which in concert with α4 integrins lead to the firm arrest of lymphocytes. 

Subsequently, endothelial spreading and transmigration of lymphocytes occurs representing 

the third phase of lymphocyte recruitment. Lymphocyte adhesion can be regulated at all of 

these sequential steps differentially: contact, rolling, integrin activation and sticking. Direct 

evidence for the exact role of the described molecules can be demonstrated by the existing 

murine receptor knockout (KO) models. Functional ablatation of CD62L or LFA-1 mediating 

primary or secondary adhesion interaction between endothelium and rolling lymphocytes 

causes LN hypocellularity and disturbed cellular homeostasis in the secondary immune 

organs (4, 67, 68). Defective homing, architectural organization or a complete lack of 

secondary immune organs is observed in murine models carrying mutations in chemokines 

(e.g. ‘paucity of lymph node T cells’ plt/plt mice) (56, 69, 70) or chemokine receptors (e.g. 

CXCR5-/- mice) (45, 71, 72). 

Modified from Bunting et al. Current Opinion in Hematology 2002

Lymphocyte

 
 
Figure 3.  Lymphocyte extravasation through endothelia. Lymphocyte adhesion to endothelial cells is 
mediated by selectins, integrins and their counterligands. The three major stages are depicted as 1) tethering and 
rolling mediated by selectins and their ligands; 2) activation of β2 integrins as a result of chemokine signaling 
leading to changes in integrin affinity and avidity, and hence to lymphocyte arrest by firm adhesion; and 3) emi-
gration dominantly mediated by β2 and α4 integrins. However, there is evidence for overlap and combinatorial 
action of adhesion and signaling molecules at each step. 
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Accumulating data reveals the existence of separate streams of lymphocyte recirculation 

through lymphoid or non-lymphoid tissues (73, 74). In accordance to their functional charac-

teristics, naïve lymphocytes patrol through tissue-draining LN in search for presented foreign 

antigens. After successful antigen encounter, naïve lymphocytes expand clonally and trans-

form into effector cells which, in principal, no longer return to draining LN for activation but 

migrate to the corresponding inflamed tissues (62, 63).  

 

1.3.1. Chemokines are upstream regulators of lymphocyte migration 

 

Tissue-specific migration of lymphocytes is regulated by the expression of distinct patterns of 

adhesion receptors and a selective recruitment based on different chemokine signals. Chemo-

kines are small molecules, which line along endothelial cells (45, 66), creating haptotactic 

gradients. They are localized on endothelial cells enabling easy contact with chemokine re-

ceptors expressed by rolling lymphocytes (66). Chemokine receptors are G proteins with 7 

transmembrane-spanning regions. Upon signal transduction, a rapid inside-out signaling leads 

to a change of affinity and avidity of LFA-1 inducing a fast arrest of rolling cells (22, 75). 

According to their physiological state and localisation, chemokines can be classified as either 

homeostatic or inflammatory (76). The homeostatic chemokines ‘stromal cell-derived factor’ 

(SFD-1 or CXCL12), ‘secondary lymphoid tissue chemokine’ (SLC or CCL21), ‘EBV-in-

duced molecule 1 ligand chemokine’ (ELC or CCL19) and ‘B cell-attracting chemokine 1’ 

(BCA-1 or CXCL13) are constitutively expressed by lymphoid organs and maintain a con-

stant trafficking of naïve CCR7+ T cells and CCR7+CXCR5+CXCR4+ B cells participating in 

immune surveillance. CCL21 and CCL19, which are both produced by mature DC and stro-

mal cells within the T cell areas of lymphoid tissues (76), reach the luminal side of the HEV 

by transcytosis (56) and thereby mediate homing of naïve T cells to secondary immune or-

gans. Messenger RNA of CCL21 but not CCL19 is also synthesized by endothelial cells of 

HEV (56). Interestingly, plt/plt mice are natural mutants that completely lack CCL21 and 

present 3-fold reduced levels of CCL19 showing a defect in homing of naïve T cells into 

secondary immune organs (54-56). However, administration of CCL21 into the skin of plt/plt 

mice leads to chemokine relocalisation into the HEV of the draining LN and to a rescue of the 

T cell homing defect. Moreover, CCL21/CCR7 also mediate the chemotactic migration of 

Langerhans cells and DC into the draining LN via afferent lymphatics as demonstrated in 

plt/plt mice (54, 55).  

Homing of B cells to pLN is regulated by CXCL13, CCL21, CCL19 and their receptors 

CXCR5 and CCR7 expressed on B cells. CXCR5 is exclusively expressed by B cells and only 
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a small subset of CD4+ T cells designated as follicular B-helper T cells (TFH), which also 

migrate to follicles. CXCR5 and CXCL13 are essential for the formation of LN follicles and 

their deficiency leads to an absence of ingLN (71, 72). CCL21 and CCL19 are localized on 

HEV in interfollicular zones, whereas CXCL13 is found in HEV that are directly follicle-

associated. By this spatial expression, the differential recruitment of T and B cells as essential 

for LN compartmentalisation is regulated (56). 

By contrast, inflammatory chemokines are expressed in inflamed tissues as a result of the 

preceeding release of proinflammatory cytokines such as TNF-α, IL-1 and IL-6 by infiltrating 

leukocytes, and lead to a selective recruitment of effector cells. For example TARC is a 

chemokine present at sites of cutaneous inflammation, and recruits CCR4-expressing memory 

T cells. This is in contrast to memory T cells expressing CCR9 but not CCR4, which home to 

the intestinal mucosa (25). 

 

1.3.2. Naïve and central memory lymphocytes recirculate through pLN 

 

Homeostatic recruitment of lymphocytes is maintained by diverse ligands of adhesion re-

ceptors such as carbohydrates like CD34, immunoglobulin-type receptors like vascular cell 

adhesion molecule-1 (VCAM-1), mucosal addressin cell adhesion molecule-1 (MAdCAM-1), 

ICAM-2, and chemokines like CCL21 and CCL19 covering the high endothelium of post-

capillary venules. A distinctive feature for naïve lymphocytes is the expression of L-selectin 

(CD62L) which allows tethering and high-velocity rolling on HEV (77). Independently of L-

selectin, slow-velocity rolling can be maintained by α4 integrins uniquely expressed on lym-

phocytes (65, 77). α4 integrins are represented by two members, the mucosal homing receptor 

α4β7 and the peripheral homing receptor α4β1 (VLA-4). These interact with their respective 

ligands MAdCAM-1 and VCAM-1 to support loose reversible interactions and rolling. There-

by, they crucially contribute to rapid sticking and firm arrest (65, 78). The interposed role of 

α4 integrins is to enable and increase the contact with chemokines immobilized on the endo-

thelium during rolling of lymphocytes. During this rapid process, vice versa, avidity of the α4 

and β2 integrins and affinity of the β2 integrins are changed as a result of chemokine-induced 

Gi protein signaling, subsequently leading to a firm arrest and trans-endothelial diapedesis of 

the circulating lymphocytes (79, 80). This feedback mechanism ensures that integrins do not 

allow firm adhesion of lymphocytes unless activated (22). Once activated, the high-affinity 

state of integrins is reversible within several minutes leading to cellular de-adhesion (22). 
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Deficiency in LFA-1 has been shown to severely impair transmigration of naïve lymphocytes 

through HEV in pLN reflected by a reduced lymphocyte homing (4, 18). Moreover, firm 

arrest and transmigration of LFA1-/- lymphocytes was completely abrogated by an additional 

blocking of α4 integrins, indicating a synergistic but not fully redundant function with β2 

integrins (4). 

 

1.3.3.  Effector/memory lymphocytes recirculate through non-lymphoid organs 

 

The well-established paradigm for recirculation of naïve lymphocytes, according to which L-

selectin is the major lymphocyte receptor mediating primary adhesion for rolling on 

endothelium, is inappropriate to explain the primary adhesion and tissue targeting of effector 

lymphocytes. After TCR engagement, L-selectin molecules on naïve cells are rapidly down-

regulated (63, 68), but another functionally analogous receptor, the glycoprotein CD44, 

appears representing an early activation marker (81). CD44 expression is a distinguishing 

hallmark for effector and memory lymphocytes, and is known to be essential for their tissue 

specific homing (82, 83). Its principal ligand hyaluronan is inducible on endothelial cells for 

example by proinflammatory cytokines (84). After CD44-mediated tethering and rolling of 

effector lymphocytes (82, 85), the interaction of the integrins VLA-4 with VCAM-1 (83) and 

LFA-1 with ICAM-1 (86) are suggested as further key players mediating firm adhesion and 

trafficking also of effector lymphocytes to the sites of inflammation. In an experimental 

murine model of Staphylococcal enterotoxin B-induced peritonitis, specific effector cells 

show an indispensable short-term migratory dependency on CD44 for localisation into perito-

neum of challenged recipients (85). Similarly, in humans, a distinctive up-regulation of CD44 

expression on lymphocytes has been observed in rheumatoid arthritis (62, 87). The import-

ance of CD44 in migratory pathways is further demonstrated by the fact that specifically 

activated CD44-/- effector lymphocytes show a delayed migration kinetics after transfer into 

challenged recipients when compared to WT lymphocytes in murine models for collagen type 

II-induced arthritis (88) or delayed-type hypersensitivity (89). However, unimpaired homing 

of naïve CD44-/- lymphocytes to pLN has been observed suggesting that CD44 plays opposite 

roles in the regulation of lymphocyte trafficking to inflammatory sites versus the homing to 

LN. Collectively this delineates the existence of differing receptor codes participating in the 

multistep transmigration pathways. 
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1.3.4. Lymphocyte homeostasis 

 

The pools of naïve and memory lymphocytes in the periphery are tightly controlled by 

homeostatic mechanisms that aim at keeping these pools at an overall constant size and com-

position. The homeostasis within and between these pools is permanently challenged by sur-

vival, proliferation and apoptosis of lymphocytes. Although some common analogous prin-

ciples apply, B cell and T cell pools are differentially regulated by distinct mechanisms. 

Placed in a lymphopenic environment, naïve and memory T cell undergo an antigen-inde-

pendent proliferation (acute homeostatic proliferation), whereas in a full T cell compartment 

only memory T cells divide slowly (basal homeostatic proliferation) (90). The biological rele-

vance of T cell behavior in lymphopenic environments relates to processes occurring with 

aging or pathological conditions representing ‘immunodeficiency by number’ such as caused 

after BM transplantation, HIV infection or chemotherapy.  

Homeostasis implies survival and proliferation of lymphocytes, which are differently regul-

ated in naïve and memory T cell compartments (90). Acute homeostatic proliferation of naïve 

CD4+ and CD8+ T lymphocytes necessitates a mutual contribution of the cytokine IL-7 and 

MHC class II and I interactions, respectively (91-93). As a result, the cycling naïve cells 

transiently acquire an effector phenotype (CD44 upregulation) and functions like antigen-

specific lysis and IFN-γ production (94). However, homeostasis of memory CD8+ T cells can 

be driven merely by cytokines, IL-7 and IL-15, without the necessity of interactions with 

MHC complexes (91, 93, 95). The development of antigen-specific responses is regulated by 

homeostatic mechanisms (96) via the ‘common γ chain’ (γc) cytokines IL-2, IL-7 and IL-15. 

Naïve T cells highly express the IL-7 receptor α chain (IL-7Rα, CD127) when released from 

the thymus. After antigen encounter, the naïve T cells proliferate, turn into effectors and 

down-regulate their IL-7Rα expression through an IL-2 signaling pathway (92, 97). As soon 

as antigen clearance from the infected place is achieved, the contraction phase is initiated 

during which the majority of effector cells die by apoptosis, and only a small subset 

expressing IL-7Rαhi survive as memory cells (97). Exclusively important for survival and 

proliferation of naïve T cells, IL-7 is involved in effector versus memory CD8+ T cell 

transition (64). In contrast to memory CD8+ T cell, memory CD4+ T cell survival is not only 

independent of MHC II interactions, but also of IL-7 and IL-15 suggesting yet unidentified 

mechanisms for their homeostatic maintenance in the periphery (93, 98). Such differences in 

the requirements for their maintenance imply that CD4+ and CD8+ memory T cells do not 

directly compete for growth factors.  
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Besides their role in the homeostasis of TCRαβ-type T cells, the same γc cytokines (IL-2, IL-

7, IL-15) have a well documented impact on the development, differentiation and survival of 

TCRγδ-type T cells (99-101). For example, the development of TCRαβ as well as TCRγδ T 

cells is seriously impaired in γc-/-, IL-7-/- and IL-7R-/- mice (99, 102). 

Similarly to the conventional TCRαβ T cells, IL-2 can maintain the proliferation of antigen-

stimulated TCRγδ T cells (101, 103). However, IL-7 as well as IL-15 alone (101, 103), or in 

synergy with IL-1 (104), are able to promote cellular proliferation, viability and specific 

cytokine responses from activated TCRγδ T cells. Alternatively, the total pool, viability and 

proliferation of distinct tissue-restricted TCRγδ T cells, such as DETC, are regulated by the 

IL-2Rβ chain cytokines IL-2 and IL-15 (105), and, additionally, by the constitutive secretion 

of IL-7 from adjacent keratinocytes (100). 

 
1.4. T cell development and activation 

 

1.4.1. Conventional T cells 

 

1.4.1.1. Intrathymic development of conventional T cells  

 

The initial development of T lymphocytes, later on found in the peripheral lymphoid organs, 

occurs within the thymus (106). The thymus is non-self-renewing hematopoietic organ that 

must be seeded by BM-derived lineage-negative Sca-1+ c-kithi progenitors for a continuous 

function (106, 107). Progenitors expressing the homing receptor CCR9 enter the thymus 

through the corticomedullary junction. The least mature progenitor cells found in thymus are 

the CD3-CD4-CD8- double-negative (DN) 1 thymocyte subset (Figure 4). These have a 

CD44+CD25- phenotype along with a still preserved potential to differentiate into T, B, NK or 

DC (106-109). By gradual migration from the inner to the outer cortex, DN1 cells transform 

into DN2 (c-kithiCD44+CD25+), then to DN3 (c-kitloCD44-CD25+) thymocytes (110). While 

proliferating, DN3 thymocytes acquire a CD44-CD25- phenotype and finally become CD4+ 

CD8+ double-positive (DP) thymocytes. During the developmental transition from DN2 to 

DN3, the rearrangement of β, γ and δ gene loci, starting due to activity of the recombination-

activating genes (RAG) 1 and 2 (111, 112), takes place until commitment towards TCRαβ or 

TCRγδ is obtained in the DN3 stage (107). TCRγδ cells normally diverge during the DN3 

stage and do not pass through the CD4+CD8+ DP phase (113, 114). However, a possibility 

that TCRαβ can replace TCRγδ in the development of the TCRγδ lineage thus giving rise to 
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TCRαβ DN thymocytes has also been reported (115). Importantly, signaling via Notch 1 

mediates TCRαβ commitment and further induces the switch into the CD4+CD8+ DP phase of 

thymocyte development (113). Already in DN3 thymocytes, a pre-TCR composed of a pre-Tα 

chain, a rearranged TCRβ chain and CD3 molecules are expressed (113). The functionality of 

the TCRβ chain from the pre-TCR complex is verified by the ‘β selection’ meaning that re-

arrangements of the TCRβ locus are stopped and, after the proliferative expansion of those 

cells carrying a functional TCRβ chain, the initiation of the TCRα locus rearrangement starts 

(116). The CD4+CD8+ DP phase of thymocytes is then followed by TCRαβ-dependent posi-

tive and negative thymocyte selection. 

T cell maturation requires the rearrangement of clonotypic TCRs capable of interacting with 

MHC ligands to initiate positive and negative selection of thymocytes. Positive selection of 

CD4+CD8+ thymocytes takes place in thymic cortex (117). It is crucially dependent on low-

affinity ligand signaling through the TCR (118, 119). Undoubtedly, accessory molecules also 

play a role in positive selection process after recognising self MHC molecules presented by 

thymic cortical epithelium (120, 121). The cells undergoing positive selection upregulate 

CD69, which is an early activation marker (122). During positive selection multiple unpro-

ductive TCRα chain rearrangements are possible until appearance of a TCRα chain that in 

assembly with a TCRβ chain recognizes a peptide presented by (self) MHC. Further TCRα 

chain rearrangements are then abrogated and RAG1 and 2 become inactive (53). The remain-

ing majority of cells that are not able to interact with MHC complexes presenting self or 

foreign antigens are eliminated by apoptosis or death by neglect (119, 123). During intra-

thymic positive selection the decision on CD4+ or CD8+ single-positive (SP) thymocyte fate is 

taken according to its recognition of MHC II or MHC I, respectively (124-126). Noteworthy, 

the negative selection takes place in the thymic corticomedullary junction and medulla (118), 

and mice completely lacking these anatomical compartments release autoreactive T cells into 

the periphery (117). Diverse hypotheses exist suggesting that positive and negative selection 

of thymocytes are occurring in different anatomical compartments. Both are dependent on 

distinct costimulatory signaling (for example CD28-mediated costimulation is important for 

negative thymocyte selection (127)) provided by different stromal cell types, which are cor-

tical or medullary epithelium, BM-derived macrophages and DC (118). Others suggest that 

both selection processes may act simultaneously. This is supported by the observation that 

apart from the positive selection, the cortical endothelium is also able to delete self-reactive T 

cells in vitro (128). 
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Around 80% of the thymocytes surviving positive selection are removed by negative selection 

(127). During the negative selection T cells recognizing (self) MHC complexes with too high 

an affinity are eliminated by apoptosis (123). By this, autoreactive cells are removed and 

tolerance is created. Finally, after the phases of proliferation and functional maturation (122), 

the activation marker CD69 is downregulated and the pLN homing receptor CD62L upre-

gulated (127). Eventually, only around 3% of the thymocytes have passed all stages success-

fully, leave the thymus and enter the periphery (127).  

 

Anderson et al. Nature Reviews Immunology 2001

 
 
Figure 4.  Developmental stages of T cells in intrathymic compartments. Hematopoietic precursors 
enter the thymus through the corticomedullary junction and, after interaction with cortical and medullary stromal 
cells, stepwise mature by passing the indicated phases of intrathymic differentiation (DN1, DN2, DN3, DN4, 
DP, CD4+CD8- and CD4-CD8+). 
 

Independently of the thymus, extrathymic maturation of T cells also occurs. It contributes to 

the pool of T cells in LN, spleen, BM, liver and intestines of athymic nude mice, thymecto-

mized mice or lethally irradiated mice reconstituted with hematopoietic progenitor cells (129-

133). A potential extrathymic T cell maturation from BM-located progenitors is driven by 

stromal BM cells in cultures, and can be inhibited by the presence of mature T cells (130, 

134). During this extrathymic development, T cells also pass through an intermediate CD4+ 

CD8+ DP phase, followed by positive and negative selection to give rise to CD4+ and CD8+ T 

cells phenotypically similar to those undergoing intrathymic maturation (129).  
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1.4.1.2. Activation of naïve and antigen-experienced conventional T cells 

 

Full T cell activation of naïve cells results in cellular proliferation. This requires the simul-

taneous transduction and integration of two signals: 1) the first signal is based on (antigen-) 

specific recognition by the TCR, and 2) the second signal is an unspecific one mediated by 

costimulatory molecules like CD28 and LFA-1 (24). Remarkably, even strong mitogenic 

stimuli by TCR are not sufficient to induce cellular proliferation of naïve T cells without an 

additional costimulation provided by anti-CD28 and/or LFA-1 ligation thus causing a state of 

irresponsiveness termed ‘anergy’ (135, 136). In this respect, activation stimuli for naïve and 

effector cells differ critically. Noteworthy, effector lymphocytes can respond to lower anti-

genic concentrations in a more efficient and faster way (136); this may be accomplished by all 

kinds of APC including even resting B cells (137-139). A pre-activated state of antigen-

experienced (memory and effector) cells proves to be one prerequisite for an easier activation 

and a strong proliferative response attainable after signaling with iCD3 mAb alone (137, 140) 

devoid of a stringent requirement for costimulation. Additionally, avidity and/or density of the 

TCR signaling are also decisive criteria for the outcome of immune responses, and distinctly 

modify the necessity and efficacy of costimulatory signaling particularly for pre-activated 

effector and memory cells (136). 

In the process of T cell activation, CD4+ and CD8+ co-receptors play important roles in 

modulating activation thresholds and TCR stabilization by binding with nonpolymorphic 

regions of the respective MHC II and MHC I molecules (141-146). This is further under-

scored by studies with co-receptor-blocking mAb, which prevented the proliferation of poly-

clonally and APC-activated T cells (147-149). 

 

1.4.1.3.  Induction of T cell anergy and regulatory function of anergic cells 

 

T cell anergy is a phenomenon occurring as a state of long-lasting, partial or total irrespon-

siveness. It is often the result from partial T cell activation due to insufficient costimulation 

(150). Under physiologic conditions anergy is an important peripheral mechanism for main-

tenance of immunologic tolerance (150). After recognition of self antigens presented by non-

professional APC like B cells or macrophages, which lack costimulatory molecules for com-

plete T cell activation, autoreactive T cells are brought to a state of proliferative irresponsive-

ness (151, 152), which is reversible at supplementation with exogenous IL-2 (135, 153). 

Except of inactivation of autoreactive cells they additionally acquire suppressive function able 

to specifically control other proliferating cells (150). 
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Two major mechanisms participate in the maintenance of immune tolerance including 1) the 

deletion of self-reactive T cells during thymic selection, also known as ‘central tolerance’; 

and 2) the induction of unresponsiveness (anergy) among specific B and T cell subsets, also 

called ‘peripheral tolerance’ (46, 150). Cells in anergy are able to suppress the proliferation of 

other autoreactive cells in an antigen-specific manner (154), and maintain peripheral tolerance 

in vivo and in vitro (150, 155). Characteristically, tolerance is transferable (154, 156) with 

cell-cell contact (157) and/or release of immunosuppressive cytokines like TGF-β and IL-10 

(158, 159) being the major control mechanisms in in vivo and in vitro experimental settings. 

The state of anergy was related to the regulatory function of several different cell subsets such 

as CD4+CD25+ Treg cells (157, 159-161), B220+ TCRαβ DN T cells from the lpr and gld 

mouse models, TCRαβ DN T cells from TCR-transgenic mouse models (162) (the two latter 

are described later on), or partly activated T cells after stimulaton with CD3 alone (154). The 

mechanisms of suppression are diverse and can include Fas/FasL-dependent mechanisms as 

in DN T cells from transgenic animals (162), Fas/FasL-dependent (163) or independent 

mechanisms in B220+ TCRαβ DN T cells from lpr mice (164), or the inhibition of IL-2 pro-

duction in natural CD4+CD25+ Treg cells (165) or in B220+ TCRαβ DN T cells in lpr mice 

(164). 

Peripheral tolerance can be maintained not only by direct suppression of autoreactive cells by 

specialized regulatory subsets, but also by direct elimination of autoreactive effector T cells 

that obviously preserve the ability for a second reentry into thymus (47, 151, 166). 

 

1.4.2.  Unconventional T cells form a link between adaptive and innate immunity 

 

T cells can be subdivided into conventional and unconventional T cells. According to the 

current concept, conventional TCRαβ CD4+ and CD8+ T cells are assigned to adaptive 

immunity. As described before (see 1.4.1.1. ), they are positively and negatively selected in 

MHC class II and MHC I dependent manner in thymus. Apart from conventional T cells, a 

highly versatile group encompassing T cells with different receptors delineate the subsets of 

unconventional T cells. They can have either thymic or extrathymic origin, and present with 

variable effector functions, often involved in tissue-restricted immunity. The most prominent 

subsets of unconventional T cells are NKT and TCRγδ T cells (Figure 5). They both are 

generated in the thymus and are endowed with the important function of linking adaptive and 

innate immunity. TCRγδ and NKT cells are characterized in more detail in the following 

chapters. 
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Figure 5.  T cells segregate in two major populations: conventional and unconventional T cells. 
Conventional T cells comprise MHC I- and MHC II-dependent CD8αβ+ and CD4+ TCRαβ cells. Uncon-
ventional T cells comprise various cell populations that are categorized in two major populations: natural killer 
(NK)1+ and NK1- T cells. NK1+ T cells comprise two subsets: type I (classical) and type II (non-classical) NKT 
cells. Classical NKT cells are CD4+ or DN and express invariant TCR Vα14 specificity. Non-classical NKT 
cells encompass TCRαβ and TCRγδ cells with variable TCR specificities with both subsets expressing either 
CD8αα or being DN. NK1- unconventional T cells also include TCRαβ and TCRγδ cells. Some NK1- TCRαβ 
cells are classical TCR Vα14 NKT cells, while others are CD8αα+ or DN. Also TCRγδ are either CD8αα+ or 
DN unconventional T cells. 
 

The largest pool of physiologically occurring, non-thymus-derived unconventional CD8αα+ 

TCRαβ or TCRγδ T cells exists in the gut epithelia in mice (167) (Figure 5). Early progeni-

tors, before TCR rearrangement, leave thymus and settle in the gut cryptopatches (131, 168). 

In gut environment, progenitors become long-living and after in situ TCR rearrangement give 

rise to CD4-CD8αα+/-TCRαβ+ or TCRγδ+ intraepithelial lymphocytes (IEL). IEL are selected 

by agonist peptides (131) and are potentially autoreactive (167). The cells are CD28-LFA-1-, 

cannot be activated by anti-CD3 mAb, do not release IL-2 but proliferate weakly in presence 

of exogeneous IL-2 (167) demonstrating phenotypical and functional differences from con-

ventional T cells in the periphery. Furthermore, IEL develop normally in athymic nude mice 

demonstrating a thymus-independent development (169). Furthermore, a subset of CD44+ 

CD62L-CD3int T cells is generated by extrathymic pathways in adult mouse liver (170, 171). 

Taken together, these facts show that apart from the thymus, different other organs provide an 

adequate environment for the development and maturation of distinct subsets of unconvent-

ional T cells. 
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1.4.2.1. Unconventional DN T cells participate in innate immunity 

 

DN T cells are widely represented in all subsets of unconventional T cells. They can belong to 

variable subsets such as TCRγδ T cells, TCRαβ or TCRγδ NKT cells, or to non-NKT TCRαβ 

T cells. Although devoid of CD4 and CD8 coreceptors, DN T cells are able to perform 

distinct functions of the unconventional T cell subset from which they are part of showing 

high functional plasticity and variability. 

Diverse functional properties are attributed to unconventional T cells such as regulation and 

control of malignancies, infection and autoimmune diseases for NKT cells (172) and con-

troling initial and later phases of adaptive immune response of TCRαβ for TCRγδ DN T cells 

(173). A central and common feature of all unconventional T cells is the autospecificity of 

their TCRs. These are selected by recognizing of autoantigens restricted to non-classical 

MHC complexes such as CD1d for NKT cells (172), and stress-induced MHC I-related mole-

cules A (MICA) or B (MICB) for TCRγδ T cells (174). Unconventional T cells have a tissue-

restricted distribution (173, 175), oligoclonal TCR repertoires recognizing high-density 

ligands with a strong affinity (176). Being a part of innate immunity, unconventional T cells 

regulate adaptive immune responses by several means including fast release of cytokines 

involved in Th1/Th2 profiling (177), pro-inflammatory and anti-inflammatory cytokines 

(173), and, moreover, by participating in antigen presentation (43) and cytotoxicity towards 

activated macrophages (173) or effector T cells (178). 

 

1.4.2.1.1.  TCRγδ DN T cells: Origin and function  

 

TCRγδ cells are the first T cells occurring in several sequential waves in the thymus during 

early ontogeny. They subsequently migrate and settle in peripheral tissues as resident cells 

involved in maintenance of local immunity and tissue integrity (173). In murine thymi, 

maturation of TCRγδ DN T cells continues also during adulthood and these cells specifically 

recirculate in pLN and spleen (179). Interestingly, TCRγδ T cells are characterized by an 

overall diversity potential bigger than TCRαβ T cells and depending on the tissue localization 

it ranges from extremely high to practically null (180, 181). TCRγδ DN T cells found in 

spleen, LN, blood and gut epithelium have a high diversity. This stands in contrast to TCRγδ 

DN T cells in the epithelium of the reproductive tract, lungs and tongue (Vγ6δ1) carrying 

Vγ4δ1) or to those found in the skin, also known as dendritic epidermal T cells (DETC), 

(Vγ5δ1), which hence are practically invariant. Typically, TCRγδ T cells are not MHC-
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restricted and can recognize non-peptide antigens or protein antigens in a soluble and unpro-

cessed form (173, 182, 183). Some TCRγδ T cells recognize stress-induced MICA or MICB 

in humans (173, 174), and analogous molecules, Rae-1 and H60, have also been shown to be 

upregulated in murine skin, for example after exposition with carcinogens (184). Moreover, 

TCRγδ T cells recognize isopentenyl pyrophosphate from mycobacteria (185), and phosphor-

rylated compounds and transmembrane glycoprotein from herpes simplex virus 1 (183). 

TCRγδ T cells are characterized by fast effector responses (186) and by the ability to direct 

the development of adaptive immune response by polarizing IFN-γ or IL-4 secretion during 

infections (173, 187). Furthermore, they can perform antigen presentation to conventional SP 

T cells (43), and participate in cytotoxic killing of some tumor cells (184, 186, 188), infected 

or activated macrophages (189, 190), or have protective roles in different viral infections in 

humans and mice (191, 192). Although demonstrating a memory phenotype, TCRγδ DN T 

cells rarely contribute to functional immunologic memory (193, 194). 

DETC (Vγ5δ1) are a distinct subset of TCRγδ T cells residing in mouse skin recognizing anti-

gen expressed by distressed keratinocytes (195, 196). Thereby, they also participate in tumor 

surveillance (184). In maintaining skin homeostasis related with skin injuries and malignan-

cies, DETC show a reciprocal dependance on residing keratinocytes. Particularly for a long-

term survival and proliferation in situ, DETC show an equivocal dependency on constitutively 

secreted IL-7 by the contacting keratinocytes (100). In case of skin injury, keratinocytes 

present stress antigens to DETC. As a consequence, DETC are activated and start secreting 

fibroblast growth factor-7 and 10, which in turn stimulate keratinocyte proliferation during 

wound healing (196). Similarly to NK and cytotoxic CD8+ T cells, TCRγδ T cells, including 

DETC, express NKG2d stimulatory receptor (197) and are able to recognize stress-induced 

molecules like heat shock protein (HSP) 70 and MHC I homologs. Besides, they are able to 

positively modulate their IFN-γ or perforin-mediated cytotoxicity effector function, also 

against cutaneous malignancies (184, 186, 198). In humans, anti-tumor activity was also do-

cumented for TCRγδ DN T cells (Vγ9Vδ2) from pLN and spleen recognizing endo- and 

exogenous ligands homologous to the HSP family (188). Furthermore, the predominance of 

TCRγδ DN T cells in epithelial-rich tissues and their ability to respond to antigens associated 

with stress or infection makes them ideally suitable to initiating and orchestrating the host 

response to infecton. It is generally considered that TCRγδ DN T cells participate critically in 

the first line of defense during infections. In some bacterial infections, as caused by Listeria 

monocytogenes, they accumulate in the early phases after infection (199-201) and activate 

macrophages by secretion of IFN-γ (200, 202). Additionally, TCRγδ DN T cells are involved 
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in the regulation and resolution of the late phases of inflammatory processes by elimination of 

HSP60-expressing activated macrophages thus turning off the immune resoponse after 

antigen clearance and preventing the deleterious effect of tissue destruction (189, 190). 

Moreover, the importance of TCRγδ T cells in controling inflammation can be demonstrated 

in TCRδ-/- mice. These lack TCRγδ T cells exhibiting exaggerated tissue inflammation and 

necrosis after Listeria monocytogenes infection (202). 

 

1.4.2.1.2.  NKT cells: origin, recirculation and function 

 

NKT cells are a heterogeneous cell population which take an intermediate position between T 

and NK cells based on the expression of TCRαβ and NK1.1 (203). NKT cells carrying 

TCRαβ can express CD4, CD8αα, or completely lack CD4 and CD8 co-receptors hence 

being DN. Other NKT cells subsets expressing TCRγδ and NK1.1 can either be CD8αα+ or 

also lack CD4 and CD8 co-receptors being DN (204, 205).  

The majority of NKT cells arise as a semi-invariant CD1d-restricted subpopulation carrying 

Vα14 and Vβ8.2, Vβ2 or Vβ7 TCRs and are termed ‘type I’ (or classical) NKT cells. They 

branch from DP thymocytes in the thymus (206, 207) and are able to recognise physiological 

glycolipids and sphingolipids like lysosomal glycosphingolipid self antigen (172). The latter 

is presented by the non-classical MHC molecule CD1d expressed on the DP thymocytes and 

only those DP cells having the Vα14 TCR specificity are selected and develop in CD4+ or DN 

NKT cells (207, 208). Alternatively, the synthetic glycolipid α-galactosyl-ceramide (αGal-

Cer) derived from a marine sponge mimicking the natural ligand is widely used for activation 

of classical NKT cells in in vivo and in vitro experimental settings (208-211). Besides, CD1d-

restricted and CD1d-non-restricted NKT cells with diverse TCR specificity also exist, and are 

classified as ‘type II’ (non-classical) NKT cells (203, 212, 213). According to some reports, 

non-classical NKT subsets are non-reactive to CD1d/αGalCer but recognize sulfatides pre-

sented in the context of CD1d (214, 215) or antigens for example from Hepatitis B virus pre-

sented by hepatocytes in context of CD1d molecules (213) demonstrating a variability within 

type II NKT cells. 

A key marker broadly expressed by NKT cells is NK1.1. However, NK1.1 is not omnipresent 

on NKT cells in all mice, but it is a polymorphic marker only expressed in certain inbred 

mouse strains (216). Apart from the variant expression among mouse strains, heterogeneity 

and lack of NK1.1 expression is further related to activation of NKT cells leading to the 

down-regulation of NK1.1 (217), or to an immature developmental stage of NKT cells recent-
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ly released from the thymus (177, 208, 212). The latter expand and acquire NK1.1 when 

reaching maturity in the periphery. Similarly, DX5 (CD49b), which is another marker fre-

quently expressed by NKT cells and shared with NK cells, shows varying presence on NKT 

cells depending on their development, function and tissue localization (175). In case of absent 

NK1.1 and DX5 expression, detection with CD1d/αGalCer dimer currently remains the only 

reliable marker distinguishing CD1d-restricted type I (classical) from type II (non-classical) 

NKT cells (218). 

Typically, the type I NKT cells are characterized by an intermediate TCR expression (208, 

210, 211) and an activation or memory phenotype (CD62L-/low CD44high) (177, 208, 217) 

probably due to their stimulation during selection process in thymus (172). NKT cells have a 

tissue-specific distribution and are predominantly localized in liver, BM and thymus (175, 

219-221), and to a lesser extent in lungs, spleen, LN (218). According to their maturation 

state, NKT cells change their chemokine receptor pattern and the responsiveness to CCL21 

and CXCL13, characteristic of immature NKT cells, is lost with their transition to the mature 

state (220). In addition, mature NKT cells reveal chemotactic responses and expression of 

chemokine receptors different from conventional T and NK cells demonstrating inherent re-

circulation properties to sites of infection and inflammation (220). While murine NKT cells 

express CXCR6, human NKT cells are equipped with CXCR6 and CCR6. The respective 

ligands LARC and CXCL16 are present at their highest levels in liver, and the latter also in 

lungs, obviously related to the preferential tissue tropism of these cells (222). As a result, 

NKT subsets preferentially migrate and are retained in the liver where they are most versatile 

and abundantly represented (218, 223). Remarkably, regulation of the peripheral homeostasis 

of NKT cells is performed by BM-derived NKT cells, which are able to mobilize and recover 

compromised levels of NKT cells in liver up to a physiological state (219). In this context, it 

has been demonstrated that particularly the development of liver NKT cells is also dependent 

on LFA-1, since LFA1-/- mice reveal decreased liver but not thymic, splenic or BM NKT cells 

(224). 

Tissue-specific microenvironments prove to be decisive in defining the phenotype and 

function of NKT cells. Importantly, the type of APC can modulate the phenotypic and cyto-

kine outcome of activated NKT cells by providing distinct costimulatory signaling (225). 

Some reports demonstrate that anti-CD3ε stimulation is sufficient to completely activate NKT 

cells (217, 225), which can then further be maintained proliferating by culturing with exo-

genous IL-2 (217). Stimulation of NKT cells via TCR (anti-CD3ε) or CD1d/αGalCer leads to 

a fast release of IL-4 and IFN-γ (221, 226, 227). By this, NKT cells exert a regulatory role 
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polarizing adaptive immune responses towards Th1 (228) or Th2 (227). The important role of 

NKT cells in controling tolerance and autoimmunity can be exemplified by studies uncover-

ing the relationship between diminished numbers of NKT cells and the development of 

autoimmune diabetes in mouse models (226, 229, 230) and human patients (231). Decreased 

presence of NKT cells, and especially a functional Th1-biased profiling of secreted cytokines, 

is considered causal for the development not only of diabetes (231) but of other autoimmune 

diseases like autoimmune encephalomyelitis and collagen-induced arthritis (232). Further-

more, early thymectomy at day 3 after birth of mice results in the development of organ-

specific autoimmunity causing gastritis, pancreatitis, thyroiditis and others (151). This is con-

sidered to be causally related with a selective depletion of NKT cells, which appear 1-2 weeks 

after birth (233, 234). Concordantly, the overexpression of Vα14-Jα18 NKT cells, which 

secrete higher levels of IL-4, delays the onset or prevents development of diabetes after adop-

tive transfers in disease prone animals (229). Effector functions against tumors have clearly 

been ascribed to NKT cells, which directly (218) or by IFN-γ-mediated NK cell activation 

(235) lead to tumor killing. Interestingly, contact- as well as cytokine-mediated cross talk 

have been described to be operative in the interactions between type I and type II NKT cells 

regulating tumor surveillance (236). Thus, the anti-tumor activity of stimulated type I NKT 

cells can be abrogated in the presence of activated type II NKT cells showing a mutual immu-

noregulatory role of these two subsets (214, 237). Furthermore, a possible role in defence 

against infections was also reported for NKT cells (218). Subsequent to stimulation of NKT 

cells with αGalCer and the immediate induction of cytokine release, lymphocytes from innate 

(NK cells) and adaptive (B cells, CD4+ and CD8+ T cells) immunity get activated showing a 

CD69 up-regulation (227, 235). This demonstrates that NKT cells can have a direct and pro-

bably cytokine-dependent differential effect in regulating cellular components participating in 

innate and adaptive immunity (226). Furthermore, BM-derived NKT cells have a well docu-

mented suppressive role on morbidity and mortality caused by graft versus host disease 

(GVHD) after BM transplantation in mice (238, 239). Such regulatory mechanisms imply an 

increased release of IL-4 from NKT cells after CD3- or CD1d/αGalCer-induced activation. 

This hypothesis is supported by the facts that 1) the suppression of GVHD is abrogated after 

transplantation of BM from CD1d-/- mice, which completely lack the NKT cell compartment 

(239), and that 2) transplantation of BM from IL-4-/- mice lack IL-4 release from NKT cells 

(238). 

Collectively, these reports reveal an important role for type I and type II NKT cells in exert-

ing a crucial immunomodulation on the development of immune responses and host defense. 
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1.4.2.1.3.  Non-NKT TCRαβ DN T cells: origin and function 

 

Additionally, other phylogenetically conserved TCRαβ DN T cells with canonical repertoire 

and complementary role to classical NKT cells (176) indicate that unconventional T cells 

comprise diverse cellular subsets still not well investigated. Conversely to mouse, CD1 mole-

cules exist in 5 different isoforms namely CD1a, CD1b, CD1c, CD1d and CD1e in humans. 

As a matter of fact CD1b-restricted CD4-CD8- (DN) cytolytic T cells have been found to be 

able to recognize and lyse macrophages infected with Mycobacterium tuberculosis in a Fas/ 

FasL-dependent manner (240). Additionally, the existence of highly conserved canonical 

TCRαβ DN T cells selected in a β2 microglobulin-dependent manner, but independent of 

MHC I, TAP and CD1d, has also been reported for humans, mice and cattle. These cells are 

present in low numbers in LNs of mice, show a memory phenotype in humans, and recognize 

high density ligands with strong affinity (176). 

TCRαβ DN T cells are normally represented only at low numbers in wild type mice but 

control immune responses with an important physiological relevance. So far, they were docu-

mented to increase the resistance against and survival towards intracellular bacterial infections 

(241), to convey protection against tumour development (242), to suport tolerance in allo- and 

xeno-graft transplantations (243-245), and to prevent autoimmunity (164). 

Important roles of TCRαβ DN T cells in primary and secondary immune response has been 

demonstrated particularly in context of infections with intracellular bacteria like Francisella 

turalensis (246-248), Mycobacterium tuberculosis (241) and Listeria monocytogenes (249). 

As conventional CD4+ and CD8+ T cells, TCRαβ DN T cells behave like effector cells under-

going the phases of expansion, contraction and transition towards a CD44hi IL7Rαhi CD62Lhi 

or CD62Llo memory phenotype (248), along with the ability to transfer immunity on lethally 

infected naïve mice (241). Although TNF-α and IFN-γ seem to be critically involved in the 

mediated inhibition of intracellular bacterial growth in infected macrophages, the exact 

mechanisms of action are not completely understood (241, 246). Interestingly, ‘memory’ 

TCRαβ DN T cells demonstrate a long lasting immunity and distinct specificity (241). Differ-

ent from NKT cells, TCRαβ DN T cells can control Francisella turalensis infections even in 

CD4- and β2 microglobulin knockout models that practically lack CD4+, CD8+ T cell and 

NKT subsets (248). However, genetic deficiency in either TCRγδ or TCRαβ leads to an abro-

gated development of TCRγδ and TCRαβ DN T cells with a subsequent loss of protective 

immunity against Francisella turalensis (248). This fact suggests a complementary functional 
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role of TCRαβ and TCRγδ DN T cells in the early stages of immune protection, as further 

demonstrated in infection studies with Listeria moncytogenes (200, 249, 250). 

The regulatory role of NK1.1- TCRαβ DN T cells has been well established and demonstrated 

both in prolonged survival of skingrafts (245), and cardiac allo- (243) and xeno-grafts (251) 

in animal models, and also by inhibition of graft versus host disease (244, 252). Importantly, 

NK1.1- TCRαβ DN T cells are enriched in spleens and tissue transplants of tolerized mice 

showing the ability to suppress or directly kill anti-donor CD8+ T cells in an antigen specific 

manner in vitro and in vivo (245, 251, 253). The regulatory function of TCRαβ DN T cells is 

induced after the initial preconditioning by DLI. As a result, TCRαβ DN T cells acquire 

MHC clusters from APC through a TCR-mediated endocytosis (253). Requiring cell-cell con-

tact, TCRαβ DN T cells kill their targets by FasL-dependent mechanism (253). Regulatory 

TCRαβ DN T cells appear shortly after birth and show a thymus-dependent development 

(252). Interestingly, they are characterized by low levels of Foxp3 expression showing that 

Foxp3 is not a marker exclusively for natural regulatory cells (243). In addition to their estab-

lished capacity to suppress GVHD, TCRαβ DN T cells also demonstrate an anti-lymphoma 

activity by preventing tumor outgrowth of targets expressing Fashigh, which makes them 

potential candidates for anti-tumour therapies (242).  

 

1.4.2.2.  Unconventional TCRαβ DN T cells as a part of adaptive immunity 

 

Apart from their critical role in innate immunity, further subsets of autoreactive TCRαβ DN T 

cells that critically participate in regulation of peripheral tolerance, can also be classified as 

parts of adaptive immunity (150, 153, 254). 

 

1.4.2.2.1.  B220+ TCRαβ DN T cells in gld and lpr mice: origin and function 

 

Different mechanisms account for the generation and presence of TCRαβ DN T cells. In the 

lpr and gld mouse models, which reveal a lymphoproliferative disorder with lupus erythema-

tosus-like symptoms, TCRαβ DN T cells accumulate due to defects in critical apoptosis 

signaling pathways (254-256). In these models, autoreactive conventional SP T cells escape 

tolerance-related clonal deletion in the thymus (257) and are released into the periphery, 

downregulating their CD4 and CD8 co-receptors and upregulating B220 (254, 255, 258). By 

this mechanism, these autoreactive SP T cells are transformed into refractory DN T cells (259, 

260), and acquire the capability to suppress the expansion of other autoreactive cells (164). 
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These B220+ TCRαβ DN T cells from lpr and gld mice can mediate a Fas/FasL-dependent 

cytotoxic function on differently activated syngeneic wild type (WT) CD4+ and CD8+ T cells 

(163). B220+ TCRαβ DN T cells are further characterized by an intermediate TCR expression 

and have an important regulatory role in the prolongation of skin allografts after initial 

preconditioning with donor lymphocyte infusions (DLI) (163). 

 

1.4.2.2.2.  TCRαβ DN T cells from transgenic and mutant mice: origin and function 

 

A functional disruption of the CD4 gene via homologous recombination (261) impairs the 

development of the T helper lineage and leads to the appearance of MHC II-restricted TCRαβ 

CD4-CD8- DN T cells (262, 263). These TCRαβ DN T cells are present at low numbers in 

thymus, but subsequently accumulate also in the periphery, and are considered to be arrested 

in a premature developmental stage (262). They also have a certain T helper function as could 

be demonstrated in studies with CD4-/- mice infected with Leishmania (263). However, the T 

helper cell activity for Ab responses was largely decreased (261). But with regard to other 

intracellular pathogens, TCRαβ DN T cells from these mice helped to develop immune 

responses against protein antigens of Myccobacterium tuberculosis in the lungs, and could 

transfer this protective immunity onto naïve mice challenged with tuberculosis (264). 

Furthermore, autoreactive TCRαβ DN T cells with thymic origin are represented in the 

periphery of different TCR-transgenic mouse models. Often, the functional properties attri-

buted to TCRαβ DN T cells have been quite contradictory in the different studies. On the one 

hand, TCRαβ DN T cells have been found to present with an activation/memory state, to be 

functionally anergic and to suppress autoreactively proliferating CD8+ T cells (162) as well as 

polyclonally stimulated CD4+ T cells (156). On the other hand, TCRαβ DN T cells were 

described to possess a naïve state, to be nevertheless IL-2 responsive, and to have no regula-

tory function (265). 
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1.5. Aim of the work 

 

Using a murine knockout model for CD18 adhesion molecules resembling the human leuko-

cyte adhesion deficiency syndrome 1 (LAD1), this study focuses on important aspects of the 

physiological significance of β2 integrins in the homing and homeostasis of T lymphocytes in 

CD18-/- mice. 

 

(1) In the absence of β2 integrin-mediated adhesion, recirculation of lymphocytes through 

lymphoid and non-lymphoid tissues will be investigated. 

 

(2) The role of β2 integrins for differentiation and activation of T lymphocytes will be 

studied in the setting of a changed distribution and prevalence of lymphocytes in the peri-

phery of CD18-/- mice. In particular, the causal relationship of the lack of CD18 in mice for a 

preferential maturation and accumulation of TCRαβ and TCRγδ DN T cells with regard to 

their maintenance and function will be of interest in the current study. 

 

(3)  Regarding key features of immunodeficiency and autoimmunity present in CD18-/- 

mice, this dissertation aims at addressing pivotal questions to elucidate the role of uncon-

ventional T cells in CD18-/- mice: 

 

i. What is the physiological distribution and target organ relocalisation of 

adoptively transferred TCRαβ and γδ DN T cells from CD18-/- mice? 

ii. What is the origin of TCRαβ and γδ DN T cells? What is their major survival 

mechanism in the periphery of CD18-/- mice? 

iii. What functional role do CD18-/- TCRαβ DN T cells have in the formation of 

immunity, immunodeficiency and autoimmunity? 

 

Elucidating the causal relationship between the lack of β2 integrins and mechanisms regula-

ting accumulation of TCRαβ and TCRγδ DN T cells, and their role in protective immunity, 

new therapeutic approaches for the treatment of patients with inherited or acquired immuno-

deficies may be opened. 
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2.  MATERIALS AND METHODS  
 

2.1. Materials 

 

2.1.1. Mouse strains 

 

CD18-/- and CD18+/+ mice on a C57BL/6J x 129/Sv mixed background were obtained from 

the breeding of Dr. Karin Scharffetter-Kochanek, Department of Dermatology and 

Allergic Diseases, University of Ulm, who generated these mice (40). 

CD18-/- C57BL/6 mice (strain B6.129S7-Itgb2tm2Bay/J) were purchased from the Jackson 

Laboratory, Bar Harbor, Maine, USA. 

C57BL/6 mice were purchased from the German Red Cross, Oberer Eselsberg, Ulm. 

‘Marilyn’ RAG2-/- C57BL/6J mice, transgenic for TCRα (Vα1.1-Jα35) and TCRβ (Vβ6-

Jβ2.3) with specificity for an H-Y peptide (NAGFNSNRANSSRSS) selected on I-

Ab (MHC II) (H-Ytrans) (98) were kindly provided by Dr. James P. DiSanto, 

INSERM U668, Institut Pasteur, Paris, France.  

RAG2-/- C57BL/6 mice were kindly provided by Dr. Thomas Wirth, Department of Physio-

logical Chemistry, University of Ulm. 

Athymic nude mice (strain B6.Cg/Ntac-Foxn1nu N9) (nu/nu) were purchased from Taconic, 

Lille Skensved, Denmark.  

BALB/c mice were purchased from Charles River Laboratories, Wilmington, Massachusetts, 

USA. 

 

2.1.2. Antibodies 

 

Goat anti-hamster IgG Alexa488 (Invitrogen) 

Rat anti-mouse B220 (BD PharmingenTM, clone: RA3-6B2) 

Armenian hamster anti-mouse CD3 (BD PharmingenTM, clone: 145-2C11) 

Rat anti-mouse CD4 (BD PharmingenTM, clone: RM4-5) 

Rat anti-mouse CD4 (Milenyi Biotec, clone: GK1.5) 

Rat anti-mouse CD8 (Caltag, clone: 5H10) 

Rat anti-mouse CD8 (Miltenyi Biotec, clone: 53-6.7) 

Rat anti-mouse CD16/CD32 purified (BD PharmingenTM, clone: 2.4G2) 

Rat anti-mouse CD18 (BD PharmingenTM, clone: GAME-46) 
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Rat anti-mouse CD19 (Milenyi Biotec, clone: 6D5) 

Syrian hamster anti-mouse CD28 purified (BD PharmingenTM, 37.51) 

Rat anti-mouse CD44 (BD PharmingenTM, clone: IM7) 

Rat anti-mouse CD49b (BD PharmingenTM, clone: DX5) 

Rat anti-mouse CD62L (BD PharmingenTM, clone:MEL-14) 

Rat anti-mouse CD127 (eBioscience, clone: A7R34) 

Rat anti-mouse CCR7 (eBioscience, clone: 4B12) 

Rat anti-mouse CXCR5 (BD PharmingenTM, clone: 2G8) 

Rat anti-mouse F4/80 (Caltag, clone: CI:A3-1) 

Rat anti-mouse Foxp3 (eBioscience, clone: FJK-16s)  

Rat anti-mouse Gr-1 (Milenyi Biotec, clone: RB6-8C5) 

Mouse anti-mouse NK1.1 (BD PharmingenTM, clone: PK136) 

Armenian hamster anti-mouse TCRβ (BD PharmingenTM, clone: H57-597) 

Armenian hamster anti-mouse TCRγδ (BD PharmingenTM, clone: GL3) 

Armenian hamster anti-mouse TCRγδ (eBioscience, clone: UC7-13D5) 

Rat anti-mouse Vβ6 TCR (BD PharmingenTM, clone: RR4-7) 

Dimer (CD1d loaded with α-GalCer) PE 

Polyclonal rabbit TGFβ1 mature (MLB International Corporation) 

Polyclonal rabbit IgG immunoglobulin isotype standard (BD PharmingenTM) 

Rat IgG1, κ (BD PharmingenTM, clone: R3-34) 

Rat IgG2a, κ (BD PharmingenTM, clone: R35-95) 

Rat IgG2b, κ (BD PharmingenTM, clone: A95-1) 

Rat IgM, κ (BD PharmingenTM, clone: R4-22) 

TCRγδ (eBioscience, clone UC7-13D5)  

 

2.1.3. Chemicals 

 

[3H]-thymidine (Amersham Biosciences, Freigurg, Germany) 

Agarose (Biozym, Oldendorf, Germany) 

Anti-PE Microbeads (Miltenyi Biothec, Bergisch Gladbach, Germany) 

BD Cytoperm/Cytofix kit (BD Biosciences, Heidelberg, Germany) 

BrdU (Sigma, Munich, Germany) 

BrdU Flow Kit (BD Pharmingen, Heidelberg, Germany) 

BSA (bovine serum albumin) (PAA Laboratories, Pasching, Austria)
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CD4+CD25+ Regulatory T cell isolation kit, mouse (Miltenyi Biotec) 

CFSE (Molecular Probes, Karlsruhe, Germany) 

Collagenase type CLS II (Biochrom AG, Berlin, Germany) 

Concanavalin A (Sigma, Munich, Germany) 

CMFDA (Molecular Probes, Karlsruhe, Germany) 

CMRA (Molecular Probes, Karlsruhe, Germany) 

DAKO Cytomation Antibody Diluent (Dako Cytomation, Glostrup, Denmark) 

DAKO Cytomation Mounting Medium (Dako Cytomation, Glostrup, Denmark) 

DAPI (4’,6-Diamidino-2-phenylindole) (Fluka, Seelze, Germany) 

EDTA (Titriplex III) (Merk KG, Darmstadt, Germany) 

FCS – foetal calf serum (Seromed, Berlin, Germany) 

FicoLite-M (Linaris, Wertheim-Bettingen, Germany) 

GoTag Green Master Mix (Promega, Mannheim, Germany) 

Hanks’ salt solution (Biochrom AG, Berlin, Germany) 

Hepes buffer (Biochrom AG, Berlin, Germany)  

Histodenz (Sigma, Munich, Germany)  

Ionomycine (Sigma, Munich, Germany) 

Liver Perfusion Medium (Gibco, Karlsruhe, Germany) 

Mouse Th1/Th2 cytokine CBA (cytometric bead array) (BD Biosciences, Heidelberg, 

Germany) 

Non-essential amino acids NEA  (Biochrom AG, Berlin, Germany) 

Normal Rat Serum (Dako Cytomation, Glostrup, Denmark) 

O.C.T. compound (Tissue-Tek, Zoeterwoude, Netherland) 

Proteinase K (Roche, Mannheim, Germany) 

Pan T cell isolation kit (Miltenyi Biothec, Bergisch Gladbach, Germany) 

PBS (w/o Ca2+ and Mg2+) (Gibco, Karlsruhe, Germany) 

Percoll (Biochrom AG, Berlin, Germany) 

PMA (Sigma, Munich, Germany) 

Recombinant Mouse IL-2 (CellConcepts, Germany) 

Recombinant Mouse IL-4 (CellConcepts, Germany) 

Recombinant Mouse IL-7 (CellConcepts, Germany) 

Recombinant Mouse IL-15 (CellConcepts, Germany) 

Recombinant Mouse GM-CSF (Promokine, Heidelberg, Germany) 

RNase-free DNase 1 (Promega, Mannheim, Germany) 

RPMI 1640 Glutamax (Gibco, Karlsruhe, Germany) 
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Sodium pyruvate (Biochrom AG, Berlin, Germany) 

Streptavidin-Cy3 (Caltag, Hamburg, Germany) 

 

2.1.4. Buffers and solutions 

 

ACK lysing buffer   0.15 M NH4Cl, 1.0 M KHCO3, 0.1 M Na2EDTA, pH 7.2 

MACS buffer PBS pH 7.2, 0.5% BSA, 2 mM EDTA, sterilized and 

degased  

Lysis buffer for DNA isolation 50 mM Tris-HCl (pH 7.5), 50 mM EDTA (pH 8), 100 

mM NaCl, 5 nM DTT, 0.5 mM Spermidine, 2% SDS, 

H2O 

PBS (w/o Ca2+ and Mg2+) 137 mM NaCl, 2.7 mM KCl, 8.4 mM Na2HPO4, 1.4 mM 

KH2PO4, pH 7.4 

TBE     50 mM Tris base, 50 mM Boric acid, 2 mM EDTA 

Complete RPMI 1640 Glutamax 10% FCS inactivated, 100 U/ml Penicillin, 100 µg/ml 

Streptomycin, 1% non-essential amino acids, 1 mM Na 

pyruvat, 25 mM Hepes buffer, 0.05 mM β-mercapto-

ethanol 

TE buffer    10 mM Tris-HCl (pH 7.5), 1 mM EDTA 

 

2.1.5. Laboratory devices 

 

FACS Calibur (Becton Dickinson) 

PCR machine: PTC-200 (Peltier Thermal Cycler) 

Spectrophotometer: Ultrospec 3000 (Pharmacia Biotech)  

Incubator: HERA cell 240 (Heraeus) 

Fluorescence microscope: Axioscop 2 plus (Zeiss) 

Centrifuges: Labofuge 400R (Heraeus) and Centrifuge 5417C (Eppendorf) 
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2.2. Methods  

 

2.2.1.  Mice 

 

All experiments were performed with age- (2-12 months) and sex-matched mice of the in-

dicated strains and mutations (see 2.1.1.). The mice were bred and maintained under specific 

pathogen-free conditions in the mouse facilities of the Tierforschungszentrum Ulm, Oberer 

Berghof, University of Ulm, or of the German Red Cross, Oberer Eselsberg, Ulm. All experi-

ments were performed in Compliance with the German Law for Welfare of Laboratory Ani-

mals, as reviewed and approved by the Regierungspräsidium Tübingen, Tübingen, Germany. 

 

2.2.2.  FACS staining 

 

Lymphocyte suspensions from pLN, spleens, livers and lungs were prepared in phosphate-

buffered saline (PBS). Red blood cells were removed using an osmotic ACK lysing buffer. 

The remaining leukocytes were adjusted to 1x106 cells per 50 µl PBS and unspecific binding 

was blocked with purified CD16/CD32 FcγII/III mAb. Subsequently, 50 µl of the cell suspen-

sion were stained with ≤ 1 µl of fluorochrome-conjugated mAb for 20 min at 4-8 °C. Stained 

cells were analyzed using a FACSCalibur (BD, Heidelberg, Germany). 

 

2.2.3.  Intracellular staining for Foxp3 and TGF-β 

 

After labeling with cell surface markers, cells were permeabilized by treatment with 1 ml BD 

Cytoperm/Cytofix solution (BD Biosciences) for 20 min at 4°C. After 3 washes with the 

Perm/Wash solution, unspecific binding sites were blocked with normal rat serum (1-100) for 

15 min. Intracellular staining was performed with the specific mAb and their corresponding 

isotype controls for 30 min at 4-8°C. The unbound Ab was removed by rinsing twice with 

Perm/Wash solution and the cells were fixed with 1.5-3% formaldehyde. 

 

2.2.4.  Adoptive transfer experiments 

 

pLN from 4 weeks old WT and CD18-/- mice were dissected and homogenized separately 

through 40 µm cells strainers (BD Falcon). Cells were washed twice with RPMI 1640/Gluta-

MAX I (Gibco) without serum and counted using dead cell exclusion by Trypan blue (Sig-
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ma). Both WT and CD18-/- lymphocytes were adjusted to 107/ml and each stained with one of 

two different cell tracker dyes, 1 µM CMFDA (5-chloromethylfluorescein diacetate) or 5 µM 

CMRA (rhodol-based fluorophore) (both from Molecular Probes), for 30 min at 37°C. Cells 

were centrifuged and resuspended in RPMI 1640 medium without serum for 30 min at 37°C 

to release unbound dye. Cells were additionally washed with sterile PBS, mixed at equal num-

bers (at a ratio of 1 : 1), and injected with a number of 30x106 cells intravenously into the tail 

vain of each WT recipient. Eighteen hours after transfer, blood, pLN, spleen, liver and lungs 

were collected from the recipient animals, and analyzed for the presence of the labeled and 

transferred donor lymphocytes. 

 

2.2.5.  Lymphocyte isolation from non-lymphoid organs 

 

Dissected lungs and livers were washed in Hanks’ salt solution (Biochrom AG) and cut into 

pieces in RPMI 1640/FCS 5% containing 150 U/ml collagenase type CLS II (Biochrom AG) 

for digestion for 1 h at 37°C. Tissue pieces were homogenized through 40 µm cell strainers. 

Liver suspensions were centrifuged at 50 x g for 4 min to sediment the hepatocytes. The 

supernatant was then transferred into a new tube and centrifuged to pellet the cells. Percoll 

(Biochrom AG) gradient was used to separate lymphocytes from liver suspensions. The cells 

from one liver were resuspended in 7.5 ml 35% percoll (Biochrom AG) and were carefully 

stratified over 2 ml 75% percoll. Cells were separated after centrifugation at 2000 rpm (778 x 

g) for 20 min at room temperature (RT) without brake. 

Lymphocytes from lung cell suspensions, obtained by enzyme digestion as mentioned above, 

were separated using FicoLiteM (Linaris). Five ml of the cell suspension in PBS was laid onto 

5 ml FicoLiteM. Separation of the cell fractions was done at 2300 rpm (1029 x g) for 20 min 

at RT without brake. 

In both gradient separations, lymphocytes were taken from the interphase and washed in 10 

ml PBS before labeling with specific mAb. 

 

2.2.6.  BrdU in vivo incorporation 

 

Three months old WT and CD18-/- mice received 0.8 mg/ml BrdU (Sigma) by drinking water. 

In parallel, control mice received water without BrdU. After 2 days of BrdU feeding, mice 

were sacrificed, and cell suspensions were prepared from cLN of the mice. Following cell 

surface staining with mAb for B220, CD4, CD8, TCRαβ and TCRγδ, intracellular staining for 
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BrdU incorporation using FITC BrdU Flow Kit (BD Pharmingen) was performed according 

to the manufacturer’s instruction. 

 

2.2.7.  CFSE proliferation assays 

 

pLN from WT and CD18-/- mice were collected under sterile conditions and homogenized 

using 40 µm cell strainers. Cells were washed twice with sterile PBS 1x, and cell viability 

defined by 0.4% Trypan blue exclusion of dead cells. Cells were adjusted to 107/ml and 

stained with 5 µM CFSE (5- (and 6)-carboxyfluorescein diacetate succinimidyl ester, Mole-

cular Probes) in sterile PBS for 5 min at RT. The reaction was stopped with equal volume of 

ice-cold inactivated foetal calf serum. Two additional washes with complete RPMI medium 

were performed. Subsequently, the CFSE labeled cells were subjected to MACS sorting to 

obtain total T cells. WT and CD18-/- total T cells comprising CD4+, CD8+, TCRαβ and 

TCRγδ DN T cells were used in in vitro proliferation assays. 2x105cells/well were cultured 

with immobilized anti-CD3 (iCD3) (5 µg/ml) alone, with a combination of iCD3 (5 µg/ml) 

and soluble anti-CD28 (2.5 µg/ml), with 100 U/ml IL-2 or without treatment for 4 days in U-

bottomed 96-well plates. The cells were then collected, washed and stained with anti-CD4, 

anti-CD8, anti-TCRαβ and anti-TCRγδ mAb to analyze the proliferation of all T cell subsets. 

 

2.2.8.  Enrichment of total T cells by magnetic bead sorting 

 

To purify total T cells, a self-made cocktail of mAb was used for depletion because of the 

absence of CD11b and CD11c on CD18-/- leukocytes. B, NK cells, macrophages and granulo-

cytes were negatively depleted by using anti-CD19, anti-CD49b, anti-NK1.1, anti-F4/80, anti-

MHC II and anti-Gr-1 phycoerythrin-conjugated mAb for MACS sorting. In brief, cells were 

washed twice with sterile PBS and counted with Trypan blue. Cell density was adjusted to 

107cells/100 µl in sterile MACS buffer. The Ab cocktail for depletion of unwanted cells was 

incubated with the cells for 15 min at 4-8°C. Excessive Ab was removed by washing with 1-2 

ml MACS buffer per 107 cells. After centrifugation, the supernatant was discarded and the 

pellet resuspended in 80 µl MACS buffer per 107 cells. Twenty µl anti-R-PE micro-beads 

(Miltenyi Biotech) per 107 primary Ab-labeled cells were added and incubated for 15 min at 

4-8°C. The excessive beads were removed by washing with 1-2 ml MACS buffer per 107 

cells. Finally, cells were centrifuged, resuspended in 1 ml MACS buffer and sorted by passing 
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through LS columns. The obtained negative fraction contained total T cells of more than 90% 

purifity. 

 

2.2.9.  Coculture suppression assays 

 

Cell suspensions from spleens from CD18-/- mice were prepared. Red blood cells were lysed 

in 10 ml/spleen ACK lysing buffer for 2 min at RT. Cells were washed once and maintained 7 

days in culture in complete RPMI 1640 GlutaMax I medium (Gibco) supplemented with 100 

U/ml IL-2 (PeproTech EC).  Fresh medium with IL-2 (50 U/ml) was supplied every second 

day. At the endpoint of cultures, prior to MACS purification, an enrichment of 30-50% of 

TCRαβ DN T cells was already obtained. CD18-/- TCRαβ DN T cells were isolated from con-

taminating B, NK cells, macrophages, granulocytes, CD4+, CD8+, and TCRγδ DN T cells, 

using phycoerythrin-labeled anti-CD19, anti-NK1.1, anti-CD4, anti-CD8, anti-F4/80, anti-Gr-

1 and anti-TCRγδ mAb. The MACS procedure was performed as described (see 2.2.8.). The 

resulting depleted fraction contained TCRαβ DN T cells at a purity of about 80-90% and was 

used as effector T cells for in vitro suppression assays. CFSE-labeled and sorted WT CD4+ or 

CD8+ responder T cells (105/well) were activated with 5 µg/ml plate-bound iCD3 (Pharm-

ingen) and 2.5 µg/ml soluble anti-CD28 (Pharmingen). Responder cells were either cultured 

alone or in the presence of varying numbers of enriched CD18-/- TCRαβ DN effector T cells 

in 96 wells round-bottom plates for 3 days. The cells were then washed and stained with anti-

CD4, anti-CD8, anti-TCRαβ mAb. The proliferation of responder cells was then assessed by 

the CFSE dilution method (see 2.2.7.). 

 

2.2.10.  Mixed lymphocyte reaction with BM-derived allogeneic DC 

 

Allogeneic MHC as expressed by professional APC, such as BM-DC, is a classical potent 

stimulus for conventional CD4+ and CD8+ T cells (266). In this case, BM-DC from BALB/c 

mice were differentiated and used as allogeneic APC with T cells from C57BL/6J x 129/Sv, 

or C57BL/6J mice in mixed lymphocyte reactions (MLR). To obtain DC precursors, two 

femurs from one BALB/c mouse were flushed. The BM cells were washed twice with sterile 

PBS 1x, filtered and counted with Trypan blue. To induce development of BM-DC, as 

descrived previously (267), a cell suspension of 1x106/ml was prepared in complete RPMI 

1640 + GlutaMAX I (Gibco) supplemented with 100 U/ml IL-4 (PeproTech EC) and 50 ng/ml 

GM-CSF (Promokine), and plated out on 12 well plates at 2 ml/well. One ml culture medium 
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was replaced with 1 ml fresh containing IL-4 and GM-CSF on day 3. On day 5, 8 ml DC sus-

pension was carefully laid onto 2 ml 15.5% Nicodens (Company). Gradient centrifugation 

was performed for 20 min at 600 x g without brake at RT. The obtained purified DC from the 

interphase were washed and counted with Trypan blue. 104 DC were cultured with 105 CFSE-

labeled sorted total T cells from WT, or CD18-/-, or TCRαβ DN T cells from CD18-/- mice in 

96-well U-bottomed plates. After 6 days of coculturing, the cells were collected, labeled with 

anti-CD4, anti-CD8 and anti-TCRαβ mAb, and proliferation was assessed by the CFSE 

dilution method (see 2.2.7.). 

 

2.2.11.  T cell reconstitution assays in vivo 

 

To assess expansion and reconstitution of alymphocytic RAG2-/- or athymic Foxn1 nude 

recipients, transplantation assays with BM cells from WT and CD18-/- donor mice were done. 

Therefore, BM suspensions were first prepared by flushing femurs and tibias of WT and 

CD18-/- mice. Erythrocytes were lysed with ACK lysing buffer for 2 min at RT. The remain-

ing cells were washed and counted using 0.4% Trypan blue exclusion of dead cells. All T 

cells were depleted by MACS sorting using anti-TCRαβ and anti-TCRγδ mAb (see 2.2.8.). 

Eight to 20x106 BM cells were intravenously injected in each recipient mouse. Five to 11 

weeks later, the recipients were sacrificed and their spleens were investigated for T cells sub-

sets that had potentially been reconstituted. 

 

2.2.12.  Homeostatic proliferation assays in vivo 

 

Lymphocytes from pLN of WT and CD18-/- mice were stained with 5 µM CFSE as described 

before (see 2.2.7.). Subsequently, they were intravenously injected into RAG2-/- recipients at 

numbers of 3x106/mouse. After 9 days, the spleens from RAG2-/- mice were obtained and 

proliferation of B, NK and all T cell subsets was measured by the CFSE dilution method (see 

2.2.7.). 

 

2.2.13.  Culture assays with IL-2, IL-7 and IL-15 

 

Lymphocytes from pLN of WT and CD18-/- mice were labeled with 5 µM CFSE and depleted 

for all non-T cells as described before (see 2.2.8.). 2x105 purified total T cells cells were then 

cultured in 96-well flat-bottom plates in complete RPMI medium supplemented with 100 
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U/ml IL-2, or 150 ng/ml IL-7 or 200 ng/ml IL-15 (all from Cellconcepts), dependent on the 

experiment, and without cytokines. On day 3 of in vitro culture 100 µl medium was changed 

with fresh one supplemented with 2x cytokines. On day 6, the culture was stopped and the 

proliferation of cells assessed by FACS after staining of CD4, CD8 and TCRαβ and TCRγδ. 

 

2.2.14.  3H thymidin proliferation assays 

 

MACS-sorted total CD3+ T cells (see 2.2.8.) from WT and CD18-/- spleens, and TCRαβ and 

TCRγδ DN T cells from CD18-/- spleens, were cultured in 96-well round-bottom plates in the 

presence of IL-2 (100 U/ml), phorbol myristate acetate (PMA) (Sigma) (1 ng/ml) plus iono-

mycin (200 ng/ml) (Sigma), or in MLR with unstimulated allogeneic DC (see 2.2.10.) with or 

without concanavalin A (ConA) (5 mg/ml). After 3 days, 1 µCi 3H thymidin was added to 

each well for the last 18 hours of culturing. Proliferation was then measured by detecting 3H-

thymidin incorporation using a harvester (Inotech) and a β-counter (1450 Microbeta Trilux, 

Wallac). 

 

2.2.15. Cytometric bead array determination of IFN-γ, IL-2, TNF-α, IL-4 and IL-5  

 

Th1/Th2 key cytokines (IFN-γ, IL-2, TNF-α, IL-4 and IL-5) were determined in the superna-

tants from T cell cultures by cytometric bead array (Mouse Th1/Th2 Kit, CBA, BD Pharm-

ingen) according to the manufacturer’s protocol. First, mouse Th1/Th2 Cytokine Standards 

were reconstituted and serial dilutions of 1:2, 1:4, 1:8, 1:16, 1:32, 1:64, 1:128, 1:256 prepared 

in assay diluent. 50 µl of mixed Mouse Cytokine Capture Bead suspensions were added to 50 

µl supernatant from each sample and to standard dilutions. Further 50 µl of the Mouse 

Th1/Th2 Detection Reagent were added, and the samples were incubated for 2 h at RT in the 

dark. The samples were then washed with 1 ml Wash Buffer, centrifuged and the bead pellets 

resuspended in 300 µl Wash Buffer each for FACS analysis on a FACSCalibur using CBA 

software (BD). 

 

2.2.16.  Immunofluorescence histology  

 

Microtome sections of 0.5 µm thickness were prepared from cryoembedded mouse skin in 

O.C.T compound (Tissue-Tek). The tissues were spread on polylysine-coated coverslips and 

let to dry overnight. The slides were kept at -20°C for further staining. The tissue sections 
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were fixed in cold acetone for 10 min at -20°C and blocked with 4% BSA and 1% normal rat 

serum in PBS for 1 h at RT. Staining with TCRγδ mAb (diluted 1:100 in DAKO Staining 

Diluent) was performed for 2 h at RT. The tissues were washed 3 times in PBS containing 

Ca2+ and Mg2+ and then further labelled with Streptavidin-Cy3 (1:400, Caltag) for 30 min at 

RT. After 3 washes with PBS, cell nuclei staining was performed with 1.4 µM DAPI (Fluka) 

for 2 min at RT. Subsequently, the tissues were washed and mounted with DAKO Cytomation 

Mounting Medium. Immunostainings were analyzed with a fluorescence microscope (Axio-

skop 2 plus, Zeiss).  

 

2.2.17.  Generation of transgenic animals 

 

‘Marilyn’ mice transgenic for TCRα (Vα1.1-Jα35) and TCRβ (Vβ6-Jβ2.3) with specificity 

for an H-Y peptide (NAGFNSNRANSSRSS) selected on I-Ab (MHC II) (H-Ytrans) were 

previously generated, crossed with RAG2-/- mice and bred to homozygosity on a C57BL/6J 

background (98). These mice were kindly provided by Dr. James P. DiSanto (INSERM U668, 

Institut Pasteur, Paris, France). RAG2-/- ‘Marilyn’ mice were next crossed with CD18-/- mice 

(40), and F1 offspring heterozygous for all three genes was obtained (H-Ytrans/- RAG2+/- 

CD18+/-). In a subsequent step, F1 offspring was further intercrossed to obtain all possible 

combinations of homozygous and heterozygous triple mutants, among them also offspring 

homozygous for all three genes, generating H-Ytrans RAG2-/- CD18-/- mice and the correspon-

ding H-Ytrans RAG2-/- CD18wt, H-Y- RAG2-/- CD18-/-, and H-Y- RAG2+/+ CD18-/- control 

mice. To ensure correct mating and maintenance of homozygous triple mutants, mice were 

typed by semi-quantative PCR with DNA isolated from tail biopsies, as established and con-

trolled previously (98). Each sample was digested in 500 µL DNA lysis buffer and 0.1 U Pro-

teinase K for 2 h at 56°C under constant shaking. The debris was removed by centrifugation 

at 20,800 x g for 8 min, and the DNA precipitated by addition of 1 ml 100% Ethanol. The 

DNA was sedimented by another centrifugation and washed once with 75% Ethanol. The 

supernatant was removed and DNA pellets were dried at RT. TE buffer was added to dissolve 

the DNA. The DNA concentration was then measured by optical density at 260 nm with a 

spectrophotometer. 100 ng DNA was used for each PCR reaction, which was performed with 

GoTag Green Master mix (Promega) according to the manufacturer’s instructions. The fol-

lowing primers were used: CD18.1 (5´-AGG ACA GCA AGG GGG AGG ATT- 3´), CD18.2 

(5´-GCC CAC ACT CAC TGC TGC TTG- 3´) and CD18.3 (5´-CCC GGC AAC TGC TGA 

CTT TGT- 3´) for DNA typing of the CD18 gene; RAG A (5´-GGG AGG ACA CTC ACT 
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TGC CAG TA- 3´), RAG B (5´-AGT CAG GAG TCT CCA TCT CAC TGA- 3´) and Neo A 

(5´-CGG CCG GAG AAC CTG CGT GCA A- 3´) for the RAG2 gene and ML 1 (5´-GCA 

GAG GAA CCT GGG AGC TGT- 3´) and ML 2 (5´-TGC TGT CTG TAC CAC CAG AAA 

TAC- 3´) for the ‘Marilyn’ TCR transgene. Amplification of the indicated PCR products was 

performed according to the programs given in Table 1 after an initial step of DNA de-

naturation for 3 min. All amplified PCR products were analyzed by electrophoresis on 1.5% 

Agarose gels prepared with a 1x TBE buffer. 

 

Product Size of the 

product 

Denaturation T Annealing T Elongation T Number 

of cycles 

CD18wt 450 bp 

CD18-/- 150 bp 

94 °C – 45 sec 56 °C – 50 sec 72 °C – 50 sec 33 

RAG2wt 260 bp 

RAG2-/- 350 bp 

94 °C – 30 sec 59 °C – 50 sec 72 °C – 50 sec 41 

H-Ytrans

(Marilyn) 

340 bp 94 °C – 45 sec 60 °C – 50 sec 72 °C – 50 sec 34 

 
Table 1.  Programs performed for amplification of the corresponding PCR products after an initial step of 3 min 
for DNA denaturation. 

 
2.2.18. Statistical analysis 

 

Quantative results are presented as mean values ± standard deviation (SD). Mean values were 

tested by two-tailed hetroscedastic Student’s t test, or, in cases of assuming a non-Gaussian 

distribution, by Mann-Whitney U test. Differences were considered to be statistically signi-

ficant at values of *p<0.05, **p<0.01, and ***p<0.001. 

 

 48



Tsvetelina Veleva-Oreshkova  Results 

3. RESULTS 
 

3.1. Murine CD18 deficiency results in a disturbed lymphocyte trafficking 

 

Tissue-specific migratory segregation of leukocytes is regulated by the expression of distinct 

repertoires of adhesion and chemokine receptors. Collectively, these define the phenotypic 

and functional state, and thereby, also the destination of recirculating leukocytes. Particularly, 

lymphocytes are recruited selectively by different chemokine signals and adhesion molecules. 

Homing of naïve lymphocytes into pLN is conducted by so-called ‘homeostatic’ chemokines 

(CCL21, CCL19, CXCL13) and their receptors (CCR7, CXCR5), whereas it is eventually ex-

ecuted by adhesion receptors (CD44, CD62L, α4 and β2 integrins) mediating rolling, tethering 

and firm adhesion before transmigration through HEV in pLN. Different mutations affecting 

these chemokines, their receptors or adhesion molecules can lead to an impaired homing of 

naïve lymphocytes to pLN, which may, by consequence, lead to a reduced cellularity in pLN 

affected (4, 54, 67, 72, 268). 

 

3.1.1.  CD18-/- mice reveal a severe peripheral lymphadenopathy and hypoplastic 

pLN in parallel 

 

Previously, deficiency in LFA-1 (CD11a-/-), which is the major β2 integrin expressed on 

lymphocytes, was reported to significantly affect distribution of naïve lymphocytes in pLN as 

reflected by decreased counts of CD4+, CD8+ T cells and B cells (4). In contrast, reactive 

lymphadenopathy of cLN was observed in a murine model of complete β2 integrin deficiency 

(CD18-/-) (40). To uncover the nature of these apparently controversial findings, comparative 

analyses of pLN from CD18-/- and WT mice were performed. As a result, we observed a 

strikingly differential presence of LN cells, which was already reflected macroscopically by 

greatly enlarged cLN and almost lacking ingLN and axLN in CD18-/- mice. Next, absolute 

counts of total lymphocytes were assessed revealing a 6-fold decrease of absolute lymphocyte 

numbers per (one) LN (inguinal or axillary) in CD18-/- mice (Figure 6A) while cLN had 

about 4-fold increased lymphocyte counts.  

Further analyses of pLN (cLN, axLN, ingLN) for their cellular composition revealed the 

hypocellularity of ingLN and axLN from CD18-/- mice was the result of an almost complete 

absence of lymphocytes (B cells as well as CD4+ and CD8+ T cells) (Figure 6B). Remark-

ably, the substantially enlarged cLN of the very same CD18-/- mice showed no significant 

difference in the absolute counts of CD4+ and CD8+ T cells per (one) LN when compared to 
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WT mice but even harbored 8-fold elevated numbers of B cells and 15-fold elevated numbers 

of NK cells (Figure 6C). Surprisingly, apart from this increase in conventional lymphocyte 

subpopulations, cLN from CD18-/- mice showed a pronounced increase in absolute numbers 

of unconventional CD3+CD4-CD8- double-negative (DN) lymphocytes that only occurred at 

very low numbers in the WT. This unconventional lymphocyte subset (see 3.2.) also con-

tributed markedly to the high cellularity of cLN in CD18-/- mice. Further FACS analyses re-

vealed that CD18-/- unconventional DN lymphocytes had either a TCRαβ or a TCRγδ compo-

sition and showed an up to 39-fold or 35-fold increase in absolute cell numbers in comparison 

to cLN of WT mice (Figure 6C). 
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Figure 6.  pLN from CD18-/- mice reveal an altered composition of T, B and NK cells. Cell suspen-
sions of cLN, or of pooled ingLN and axLN, from WT (grey bars) and CD18-/- (black bars) mice were prepared, 
counted and FACS-anaylzed. Relative numbers are given as percentage of total PMC (A). Absolute counts of 
CD4+, CD8+, CD19+, TCRαβ DN and TCRγδ DN lymphocytes per 1 LN were calculated after FACS analyses of 
pooled ingLN and axLN (B), or cLN (C). Statistical significance was assessed by alternate t test. *p<0.05, 
**p<0.01, ***p<0.001; n=5. 
 

In concert, this indicated that β2-integrin deficiency severely affected the distribution and 

balance of major lymphocyte populations such as B, T and NK cells in pLN, leading to a mar-

ked increase in B cells, NK cells, and unconventional TCRαβ and TCRγδ DN lymphocytes in 

cLN accompanied at the same time by an overall decrease in all lymphocyte populations in 

other pLN such as axLN and ingLN.  
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3.1.2.   β2 integrins are required for homing of naïve lymphocytes to pLN 

 

Under physiologic conditions, lymphocytes present in pLN reflect the homeostatic cell turn-

over as the overall result of cells homing to or leaving from the pLN (76). Due to the en-

counter of lymphocytes with antigens in pLN, the recirculation program of naïve lymphocytes 

changes from homing to pLN to migration into non-lymphoid organs or to places of inflam-

mation. Downregulation of chemokine receptors such as CCR7 and CXCR5 (269) and shed-

ding of rolling receptors (CD62L) (68) are replaced by other functional receptors like chemo-

kine receptors responsible for homing to non-lymphoid tissues (76), and the rolling receptor 

CD44 (81, 85). 

 

3.1.2.1.  Lymphocytes from CD18-/- mice cannot enter pLN but recirculate through 

non-lymphoid organs 

 

Based on the altered lymphocyte distribution observed in pLN of CD18-/- mice (see 3.1.1.), 

we hypothesized a deviant homing or recirculation of lymphocytes to LN might exist depend-

ent on the anatomical and/or functional region of the respective LN. Particularly the reduced 

cellularity of ingLN and axLN from native CD18-/- mice indicated an impaired lymphocyte 

migration to these sites. In contrast, the simultaneously occurring enlargement of cLN in 

CD18-/- mice might potentially be the result of a functional and selective migration of naïve 

CD18-/- lymphocytes to these sites. 

In order to uncover the reasons for hypothetical differences in the recirculation of CD18-/- 

lymphocytes to the different LN regions of mice, adoptive transfer experiments were per-

formed. Therefore, equalized numbers of lymphocytes obtained from cLN of CD18-/- and WT 

mice were labeled with green and orange cell-tracker dyes, respectively. While migration 

through HEV is known to already occur as early as 30 min after intraveneous transfers, distri-

bution of the labeled cells in the different tissues of recipient mice was here detected at 

sequential time-points (3, 24 h) after intraveneous co-transfers. This allowed detecting and 

quantifying alterations in the recirculation pattern of naïve lymphocytes as dependent on their 

expression of or deficiency in CD18. 

Compared to WT lymphocytes, B cells as well as conventional CD4+ and CD8+ T cells from 

CD18-/- mice showed a significantly impaired migration into pLN of the WT recipient mice, 

which was found to be most pronounced at 18 h after intravenous transfers (Figure 7A). 

However, a residual migration of CD18-/- lymphocytes into pLN revealed that, although cellu-
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lar transmigration through HEV was largely mediated by β2 integrins, other adhesion re-

ceptors most likely compensated to some extent for the defective migration. 
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Figure 7.  CD18-/- lymphocytes cells reveal a disturbed homing to pLN whereas recirculation to 
non-lymphoid organs is not impaired. To investigate the role of β2 integrins for the recirculation of naïve 
lymphocytes through immune and non-immune organs, WT (1 µM CMFDA labeled) and CD18-/- (5 µM CMRA 
labeled) donor lymphocytes obtained from pLN were intravenously co-transferred into WT recipient mice. 
Eighteen hours later, secondary immune and non-immune organs of recipient mice were analyzed for the pre-
sence of WT (grey bars) and CD18-/- (black bars) labeled donor cells. The different lymphocyte subpopulations 
of transferred cells were defined by staining with anti-CD4, anti-CD8 and anti-CD19 mAb for subsequent FACS 
analysis. Detected donor lymphocytes are presented as percentages of total PMC (from recipient and donor) in 
pLN (A), spleens (B), blood (C), liver (D) and lungs (E) from recipient mice. Statistical significance was 
calculated by alternate t test *p<0.05; n=3. 

 

Although impaired in homing to pLN, CD18-/- B cells, CD4+ and CD8+ T cells did not recirc-

ulate to any of the investigated organs like spleens (Figure 7B), livers (Figure 7D), lungs 

(Figure 7E) or the blood (Figure 7C) of WT recipients. Indeed, no significant difference of 

donor WT and CD18-/- lymphocytes was observed in livers and lungs of WT recipient mice, 

showing no critical role of β2 integrins for lymphocyte recirculation to these organs.  
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3.1.2.2. Impaired homing of CD18-/- lymphocytes to pLN is not due to an altered 

chemokine receptor expression or activation 

 

The cell surface expression levels of the chemokine receptors CCR7 on B and T cells, and 

CXCR5 on B cells, reflect the capacity of the respective lymphocytes to be guided to pLN 

(56, 72, 76), a process termed lymphocyte ‘homing’. In the HEV of pLN, CCR7 and CXCR5 

bind CCL21 and CXCL13, respectively, leading to a rapid increase in avidity and affinity of 

β2 integrins (22, 75). This subsequently results in a firm arrest and transmigration of the naïve 

lymphocytes through the vessel walls of HEV into the pLN. From this sequence it can be 

concluded that not only lack in β2 integrins (and other adhesion molecules) but also absence 

or downregulation of chemokine receptors can hamper lymphocyte transmigration into pLN. 

Consequently, a change of the expression levels of CCR7 and/or CXCR5, potentially caused 

by the absence of CD18 as an epiphenomenon in CD18-/- mice, could also have affected and 

altered the homing of CD18-/- lymphocytes that we had observed before (see 3.1.2.1.). The 

impaired homing of CD18-/- lymphocytes would hence not have been primarily due to the 

deficiency in CD18, but potentially due to a secondary lack of chemokine receptors. We 

therefore investigated the expression levels of CCR7 and CXCR5 on lymphocytes obtained 

from cLN of CD18-/- and WT mice. As a result, both CCR7 (Figure 8A) and CXCR5 (Figure 

8B) were expressed at WT levels on CD4+ and CD8+ T cells as well as on B cells of CD18-/- 

mice.  

Next, we investigated whether a change from a naïve to an activated state may have contri-

buted to the deviant recirculation pattern of CD18-/- lymphocytes, since activated or antigen-

experienced lymphocytes often show a reduced expression of CD62L (L-Selectin) and thus 

lack the ability to enter pLN (68, 85, 270). By staining of PMC from pLN of CD18-/- and WT 

mice for the classical homing and activation/rolling markers CD62L and CD44, we found that 

almost all CD8+ T cells but only 40% of CD4+ T cells obtained from pLN of 4 week-old 

CD18-/- mice (identical PMC as used in the adoptive transfer experiments), were CD62Lhi ex-

pressing the LN-homing receptor L-selectin (Figure 8C). These were around half as much 

CD62Lhi CD4+ T cells as from WT mice. With regard to CD44 expression, a CD44hi express-

ion pattern reflecting activation was found on around 10-20% of CD18-/- and WT CD8+ T 

cells as well as on around 10% of WT CD4+ T cells, whereas 40% of CD18-/- CD4+ T cells 

showed a CD44hi expression (Figure 8D). This meant that, vice versa, 60% of CD18-/- CD4+ 

T cells still were CD44lo representing naïve CD4+ T cells, although also indicating that signi-

ficantly more CD4+ T cells from pLN of CD18-/- than of WT mice were activated or antigen-

 53



Tsvetelina Veleva-Oreshkova  Results 

experienced. However, CD44 was not used to characterize B cells as this marker is expressed 

on unstimulated B cells as well (271). In summary, stainings for CD62L and CD44 revealed 

that, even though significantly less CD4+ T cells from pLN of CD18-/- than of WT mice were 

naïve, at least 40% of the CD4+ T cells, 80% of the B cells and nearly all CD8+ T cells from 

pLN of CD18-/- mice had a naïve phenotype principally allowing cells to enter pLN. 
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Figure 8.  Comparison of chemokine receptors and activation markers involved in LN homing 
on CD18-/- and WT lymphocytes. Phenotypes of lymphocytes from pLN of CD18-/- (n=7) and WT (n=5) 
mice were determined by staining for membrane expression of CD4, CD8, CD19, CCR7 and CXCR5 and 
subsequent FACS analyses. The expression levels of CCR7 (A) and CXCR5 (B) were measured as mean fluor-
escence intensity (MFI) on a logarithmic scale within each cellular subset, and are presented as fluorescence 
index (FI) calculated as the ratio between chemokine receptor and isotype control staining (rat IgG2b or rat IgG2a, 
respectively). Activation phenotypes of B cells, CD4+ and CD8+ T cells of CD18-/- (n=4) and WT mice (n=4) 
were defined by staining for the activation markers CD62L and CD44. CD62L (C) and CD44 (D) expression 
was detected by FACS and is presented as the percentage of CD62L- or CD44-expressing cells from 100% of 
the respective lymphocyte subset. Statistical significances were calculated by using alternate t test ***p<0.001. 
 

Although donor cell suspensions obtained from CD18-/- pLN for adoptive transfers (see 

3.1.2.1.) contained around 50% less naïve CD4+ T cells than cell suspensions from pLN of 

WT mice, this alone could not account for the sharp decrease observed in homing of all 

CD18-/- lymphocyte subsets. Collectively, these results show that the reason for the impaired 

homing of CD18-/- lymphocytes (B cells, CD4+ and CD8+ T cells) was their β2 integrin de-

ficiency but not a deviant chemokine receptor or activation pattern.  
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3.2. CD18-/- mice harbor unconventional DN T cells 

 

3.2.1.  Unconventional CD3+CD4-CD8- DN T cells occur in cLN from CD18-/- mice  

 

As described before (see 3.1.1.), cLN from CD18-/- mice showed a pronounced increase in un-

conventional CD3+CD4-CD8- DN lymphocytes that usually occur only at very low numbers 

in the WT. Apart from the observed increase in B and NK cells, the high cellularity of cLN in 

CD18-/- mice was also accounted for by a massive increase in this DN lymphocyte subset.  

FACS analyses had revealed that CD18-/- unconventional DN lymphocytes were composed of 

either TCRαβ or TCRγδ complex (Figure 6C), hence indicating that these cells were derived 

from the T cell lineage. This was further supported by additional FACS analyses, which 

showed that these unconventional TCRαβ and TCRγδ DN lymphocytes also expressed a 

CD3ε chain, although lacking CD4 and CD8 co-receptors (Figure 9A, B, lower right quad-

rants) standing in contrast to conventional CD4+ and CD8+ SP T cells (Figure 9A, B, upper 

right quadrants). Our data thus indicates that β2-integrin deficiency might not only affect the 

distribution but also the differentiation of lymphocyte populations either leading to the 

accumulation of otherwise rare unconventional DN T cell subsets or giving rise to yet un-

known unconventional TCRαβ and TCRγδ T DN cells. 
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Figure 9.  cLN from CD18-/- mice harbor unconventional TCRαβ or TCRγδ DN T cells. Represen-
tative dot plots from WT (D) and CD18-/- (E) show CD3 (x axis) versus CD4 plus CD8 staining (y axis) 
separating conventional CD4+ or CD8+ SP T cells in the upper right quadrant from unconventional CD3+CD4-

CD8- DN T cells in the lower right quadrant. 
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3.2.2.  CD18-/- TCRαβ and TCRγδ DN T cells recirculate through liver and lungs  

 

The existence of markedly elevated numbers of unconventional TCRαβ and TCRγδ T cells in 

cLN of CD18-/- mice suggested two possible hypotheses. Either these cells were selectively 

recirculating to the cLN or they were generated within the cLN. To address the question 

whether CD18-/- TCRαβ and TCRγδ DN T cells might preferentially recirculate to and 

accumulate in the cLN of WT recipients, we again performed adoptive transfer experiments 

using CMRA-labeled donor cell suspensions prepared from cLN of CD18-/- mice that were 

subsequently injected into WT recipient mice. After 18 hours, pLN of recipient mice were 

harvested and FACS-analyzed. Although naturally residing in the cLN of CD18-/- mice, 

neither CD18-/- TCRαβ nor TCRγδ DN T cells had homed to the pLN of WT recipient mice 

including the cLN (Figure 10A). In this, they behaved exactly like naïve conventional T and 

B cells from pLN of CD18-/- donors, which could also not enter pLN (Figure 7A). 

Although the WT recipient spleen hosted some of the donor CD18-/- TCRαβ or TCRγδ DN T 

cells (Figure 10B), this did not really argue for an active homing into this organ. Apart from 

its white pulp (with lymphoid structure), the spleen is an organ rich of blood. And since no 

statistical differences in the percentages obtained for donor CD18-/- TCRαβ or TCRγδ DN T 

cells between spleen and blood of the recipients existed (Figure 10C), this clearly suggested 

that rather no active accumulation of CD18-/- DN T cells in the spleen (white pulp) had occur-

red but that the detected CD18-/- DN T cells were majorily blood borne (red pulp). Inter-

estingly, particularly donor CD18-/- TCRαβ DN T cells showed a selective accumulation in 

the non-lymphoid organs such as the liver (Figure 10D) and the lungs (Figure 10E) of WT 

recipient mice with prevalences significantly higher compared to percentages of those cells 

transported by the blood. This observation was made also for CD18-/- TCRγδ DN T cells, 

although not quite statistically significant. In contrast, conventional CD4+ and CD8+ T cells 

from CD18-/- mice demonstrated no preference for a tissue-specific accumulation in WT re-

cipients, as they presented equal distribution in lymphoid and non-lymphoid organs. The ex-

clusion from homing to the pLN and a selective targeting to liver and lungs suggested that 

migration of CD18-/- TCRαβ and TCRγδ DN T cells in these organs could probably occur 

independently of β2 integrins. An alternative explanation for this particular migratory property 

would be that these cells were activated or antigen-experienced requiring the usage of differ-

ent chemokine and adhesion receptors directing the cells to non-lymphoid organs but not to 

pLN (272-274). We conclude that CD18-/- TCRαβ and TCRγδ DN T cells were not able to 

actively transmigrate through HEV of cLN or other pLN of WT recipients. This indicated that 
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the high increase in these cells was not caused by a preferential recirculation to the cLN but 

by an accumulation within the cLN. The latter could either be the consequence of 1) an in-

creased expansion due to an enhanced proliferation of CD18-/- DN T cells or differentiation of 

resident lymphocytes into CD18-/- DN T cells, or 2) an accumulation of CD18-/- DN T cells 

due to a failure to release them from the cLN, similar as recently observed for plasma cells in 

the cLN of CD18-/- mice (275). 
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Figure 10.  TCRαβ and TCRγδ DN T cells from CD18-/- mice selectively accumulate in non-
lymphoid organs. Conventional CD4+, CD8+ SP and unconventional TCRαβ and TCRγδ DN T cells from 
CD18-/- mice were compared in their ability to recirculate through secondary lymphoid and non-lymphoid organs 
of WT recipients. Donor lymphocytes from cLN of CD18-/- mice were labeled with 5 µM CMRA and 
intravenously injected into WT recipient mice (n=4). pLN (A), spleen (B), blood (C) and the non-lymphoid 
organs liver (D) and lungs (E), of recipient mice were analyzed for the presence of transferred donor CD18-/- T 
cell subsets: CD4+ (grey bars), CD8+ (black bars), TCRαβ (white bars) and TCRγδ (striped bars) DN T cells. 
The detected donor cells are presented as percentages of total PMC (from recipient and donor) present in these 
organs. 
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3.2.3.  CD18-/- TCRαβ and TCRγδ DN T cells show an antigen experienced-like 

phenotype and recirculation pattern  

 

Since CD18-/- TCRαβ and TCRγδ DN T cells were excluded from homing to pLN but re-

circulated to non-lymphoid organs, this suggested they might display an altered chemokine 

receptor pattern or an antigen-experienced T cell phenotype. We therefore performed FACS 

analyses for key chemokine receptors and activation-dependent antigens, as done before (see 

3.1.2.2.), but this time for unconventional TCRαβ and TCRγδ DN T cells. In a first approach, 

FACS analysis of the homing-related chemokine receptors revealed similar expression levels 

of CCR7 (Figure 11A) as well as of CXCR5 (Figure 11B) showing no significant difference 

between TCRαβ and TCRγδ DN T subsets from CD18-/- and WT mice. These results suggest 

a preserved potential for homing to pLN with regard to chemokine receptors but with no 

particular ability to migrate into the B cell areas (72). 

Additionally, using the classical activation markers CD62L and CD44 to detect antigen-ex-

perienced T lymphocytes, the activation phenotype was compared on TCRαβ and TCRγδ DN 

T cells from cLN of CD18-/- and WT mice. Similarly to CD4+ T cells from CD18-/- mice (see 

Figure 8C), around 2-times less CD18-/- DN T cells compared to WT DN T cells expressed 

CD62L (Figure 11C). This meant that, vice versa, 2-times more CD18-/- TCRαβ and TCRγδ 

DN T cells revealed an antigen-experienced phenotype with downregulation of CD62L. Re-

markably, almost all TCRαβ and TCRγδ from CD18-/- mice showed a high CD44 expression 

(Figure 11D) indicating lymphocyte activation/memory. Interestingly, comparison of the 

CD44 expression levels with those of the corresponding WT DN subsets revealed identically 

high percentages of CD44hi-expressing TCRαβ DN T cells in the WT, also suggesting an acti-

vation/memory phenotype. Also the majority of TCRγδ DN T cells from WT mice showed 

activation/memory phenotype, while 30% of them were CD44lo indicating a naïve phenotype, 

reflecting previously reported data (276). However, this differed from CD18-/- TCRγδ DN T 

cells, of which almost none revealed a naïve CD44lo phenotype. 

Collectively, this data indicates that TCRαβ and TCRγδ DN T cells with an antigen-experi-

enced phenotype, which accumulate highly and selectively in β2-integrin deficient mice, ex-

press the LN-homing receptor CCR7 similar to central memory T cells, but cannot trans-

migrate through HEV into pLN due to the lack of CD18. 
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Figure 11.  CD18-/- TCRαβ and TCRγδ DN T cells have normal levels of CCR7 and CXCR5 but 
reveal an antigen-experienced CD62Llo CD44hi phenotype. Phenotypes of lymphocytes from pLN of 
CD18-/- (n=5) and WT (n=4) mice were determined by staining for membrane expression of CD4, CD8, TCRαβ, 
TCRγδ, CCR7 and CXCR5 and subsequent FACS analyses. The expression levels of CCR7 (A) and CXCR5 (B) 
were measured as mean fluorescence intensity (MFI) on a logarithmic scale within each cellular subset, and are 
presented as fluorescence index (FI) calculated as the ratio between chemokine receptor and isotype control 
staining (rat IgG2b or rat IgG2a, respectively). Activation phenotypes of TCRαβ and TCRγδ DN T cell subsets 
from CD18-/- (n=7) and WT mice (n=5) were defined by staining for the activation markers CD62L and CD44. 
CD62L (C) and CD44 (D) expression was detected by FACS and is presented as the percentage of CD62L- or 
CD44-expressing cells from 100% of the respective lymphocyte subset. Statistical significances were calculated 
by using the alternate t test. *p<0.05, ***p<0.001. 

 
3.2.4.  CD18 deficiency does not affect DETC migration to epidermis during mouse 

ontogeny 

 

CD18-/- mice spontaneously develop skin ulcerations particularly in the facial area as well as 

oral ulcerations. DETC (Vγ5δ1) are a distinct subset of TCRγδ DN T cells residing in mouse 

skin and besides participating in tumor surveillance (184), they have the ability to respond to 

antigens associated with stress or infection making them ideally suitable to initiating and 

orchestrating the host response to infecton in the first line of defense. The importance of 

TCRγδ T cells in controling inflammation can be demonstrated in TCRδ-/- mice. These lack 

TCRγδ T cells exhibiting exaggerated tissue inflammation and necrosis after Listeria mono-
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cytogenes infection (202). Interestingly, for a long-term survival and proliferation in situ, 

DETC show a dependency on secreted IL-7 in the vicinity (100).  

DETC are charcterized by a high dependency on extravasation and tissue migration processes. 

Being the first T cells arising in fetal thymus, detected at high numbers at day 14 of mouse 

neonatal development (277), and then disappearing completely after day 17 (278), they even-

tually migrate into the epidermis, where they stay as residing tissue T cells (279). Since β2 

integrins and, more precisely, LFA-1 play a crucial role for the homeostatic recirculation of 

lymphocytes to secondary immune organs in the periphery (4), we hypothesized that DETC, 

like activated conventional T cells (86, 280, 281) depended on β2 integrins for their migration 

into the epidermis usually occurring early in ontogeny. As a consequence, a hypothetical ab-

sence or reduction in DETC in CD18 deficiency might result in deregulated inflammatory 

processes leading to skin inflammation, ersion and ulcers. 

Therefore, immunofluorescent stainings of skin from WT and CD18-/- mice were performed. 

Skin structures including epidermis, dermis and hair follicles were delineated by cell nuclei 

staining with DAPI. The epidermis and hair follicles were composed of densly arranged 

keratinocytes forming basal layer in WT mice (Figure 12A) and multiple layers in CD18-/- 

mice (Figure 12B). TCRγδ of DETC were stained with mAb visualized in red (Figure 12C, 

D), demonstrating an abundant presence of DETC in the epidermis of WT as well as in 

CD18-/- mice. This finding suggested that DETC were not dependent on β2 integrins for their 

emigration and localisation in the skin. Noteworthy, DETC were also not increased in CD18-/- 

mice, indicating that TCRγδ DN T cells accumulating in the periphery of CD18-/- mice were 

not functioning as reservoir directly generating DETC or exaggeratedly filling the pool of 

DETC in the epidermis. 
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Figure 12.  DETC from CD18-/- similarly to WT mice migrate to skin epidermis. Cryosections from 
WT and CD18-/- mouse skin were stained with anti-TCRγδ biotinylated mAb and nucleic acid dye DAPI. All 
nuclei of cells within the skin of WT and CD18-/- mice were stained with DAPI (1.4 µM) (blue color). Back-
ground stainings with streptavidin-Cy3 of skin from WT (A) and CD18-/- (B) mice are shown. DETC in the epi-
dermis of WT (C) and CD18-/- (D) mice were stained in red using streptavidin-Cy3. The dashed line delineates 
the boundary between epidermis (e), dermis (d) and hair follicles (h). Immunofluorescence pictures are 
representative of stainings from at least 5 mice of each WT and CD18-/- genotype. 
 

 

3.3.  Role of thymus in the generation of CD18-/- TCR αβ and TCRγδ DN T cells  

 

Thymus is the organ in which T cell development occurs (106, 282). BM precursors populate 

the thymus in periodical waves and after passing the transitional stages from DN to DP to SP 

thymocytes they develop into mature T cells (110, 127). Thymectomi early in ontogeny leads 

to the lack of development of all T cell subsets and results in immunodeficiency (53, 110, 

283, 284). 
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3.3.1.  TCRαβ DN thymocytes are only slightly increased in thymi from CD18-/- mice 

 

Importantly, DN thymocytes physiologically occur as predecessors to DP thymocytes during 

intrathymic selection (see 1.4.1.1.). Since TCRαβ and TCRγδ DN T cells were increased in 

the periphery of CD18-/- mice, we hypothesized that unconventional DN T cells might also be 

increased in thymi of CD18-/- mice. According to our observations, CD18-/- mice underly a 

faster thymic involution, most probably due to an inherent increase in pro-inflammatory cyto-

kines, particularly in IL-6 (285). Therefore, mice were investigated for intrathymic subpopul-

ations at an age of 4 weeks, a time-point at which CD18-/- thymi still corresponded macrosco-

pically to that of WT thymi with regard to size and devlopment. As a result, FACS analysis of 

thymi from CD18-/- mice indeed revealed a slight but significant increase in the percentage of 

TCRαβ DN T cells as compared to WT thymi (Figure 13A). Also TCRγδ DN T cells from 

CD18-/- thymi showed a small but insignificant increase. However, both TCRαβ and TCRγδ 

DN thymocyte subsets were represented by very low percentages smaller than 1% making it 

unlikely that this shift could account for the massive increase in DN T cells in the periphery 

of CD18-/- mice, especially as we could show that DN T cells could not re-enter the pLN after 

adoptive transfers. Apart from the small increase in DN thymocytes, a significant shift to-

wards the more mature SP thymocytes at the expense of the pool of CD4+CD8+ was observed 

in CD18-/- mice (Figure 13A, B). 

Development of conventional T cells in the thymus comprises four very initial phases of DN 

(CD4-CD8-) thymocyte differentiation. These stages of DN thymocytes are distinguished by 

differential expression of CD44 and CD25 defining DN1 (CD44+CD25-), DN2 (CD44+ 

CD25+), DN3 (CD44-CD25+) and finally DN4 (CD44-CD25-) thymocytes. It should be noted 

that during this development, DN1 and DN2 cells do not express a TCR, but only DN3 and 

DN4 thymocytes express a pre-TCR composed of a rearranged β and an unarranged α chain. 

This stands in contrast to the development of unconventional DN T cell subsets, most of 

which are also generated within the thymus, but follow a lineage that separates early from that 

of conventional thymocytes. One characteristic separating unconventional DN thymocytes 

from conventional DN1 or DN2 thymocytes is their expression of a TCRαβ. Nevertheless, 

also unconventional DN thymocytes may express differentiation markers such as CD44 and 

CD25 otherwise used to classify DN1 to DN4. 

In the periphery of CD18-/- mice, the presence of CD44+ TCRαβ DN (CD4-CD8-) T cells was 

observed. Since TCRαβ DN (CD4-CD8-) T cells were slightly increased in thymi from these 

mice, we further investigated their expression of CD44 and CD25. A comparison between 
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TCRαβ expressing WT and CD18-/- DN T cells showed all phenotypes (Figure 13C) with 

only CD44+CD25- significantly prevailing in CD18-/- mice. All other possible phenotypes like 

CD44+CD25+, CD44-CD25+ and CD44-CD25- were also present without any significant dif-

ference between WT and CD18-/- mice. 
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Figure 13.  Phenotypic analysis of thymocyte subsets in CD18-/- and WT mice. Cell suspensions 
from thymi of 4-week-old CD18-/- (black bars) and WT (grey bars) mice were prepared and stained for CD4, 
CD8, TCRαβ and TCRγδ before subjection to FACS analysis. CD4+ SP, CD8+ SP, TCRαβ, TCRγδ DN (A) and 
CD4+CD8+ DP (B) thymocytes are given as percentages of total thymocytes. (C) Percentages of the distinct 
TCRαβ DN thymocyte subsets (DN1, DN2, DN3, DN4) according to their CD44 and CD25 expression are 
given for thymi of WT and CD18-/- mice. Statistical significances were calculated by alternate t test *p<0.05, ** 
p<0.01, *** p<0.001; n=6. 
 

Importantly, these TCRαβ DN T cells from thymi expressed a TCR, which discriminated 

them clearly from the DN cells giving rise to SP T cells. Furthermore, they have a CD44+ 

phenotype similar to TCRαβ DN T cells found in the periphery of CD18-/- mice suggesting a 

probable link between CD44+ TCRαβ DN T cell populations observed in the thymi and those 

observed in the periphery of CD18-/- mice. These results also demonstrate that CD44+ TCRαβ 

DN T cells are not exceptional for thymi of CD18-/- mice but are also present in WT thymi. 

Most likely, TCRαβ DN T cells belong to an unconventional T cell subset originating but not 
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accumulating in thymus. However, we cannot fully rule out that the slight but significant in-

crease in CD44+ TCRαβ DN T cells in the thymi of CD18-/- mice may not be primary, but 

secondary, and be caused by the recirculation of peripherally generated CD44+ TCRαβ DN T 

cells through the thymus. 

In summary, all differentiation states of thymocytes were detected also in thymi of CD18-/- 

mice. Although no pronounced alterations were observed, small differences existed and were 

significant. Finally, the small elevation of CD44+ TCRαβ DN T cells in CD18-/- thymi sug-

gests that these cells likely originate but are not retained in thymus. 

 

3.3.2.  Thymus is indispensable for the development of unconventional TCRαβ and 

TCRγδ DN T cells from CD18-/- BM 

 

The thymus is the primary lymphoid organ where the vast majority of T cells, namely CD4+, 

CD8+, NKT and TCRγδ T subsets, develop and mature (113, 127, 193, 206, 208). However, 

substantial evidence exists for an extrathymic origin of distinct T cell subsets (167, 168, 170).  

To address the important question whether the unconventional DN T cells found in the 

periphery of CD18-/- mice require the thymus for their differentiation and generation at some 

developmental stage, or whether they can develop independently from thymus, nude mice, 

which completely lack thymus due to a mutation affecting thymic epithelial cells, were used 

as a model for investigation the extrathymic origin of TCRαβ and TCRγδ DN T cells. BM 

cell suspensions depleted from (mature) T cells by means of anti-TCRβ and anti-TCRδ 

MACS beads were prepared from WT and CD18-/- donor mice. These were adoptively trans-

ferred at 20x106 cells per recipient nude (nu/nu) mouse. After a maximum of 11 weeks allow-

ing for engraftment with donor BM, spleens of recipient nude mice were analyzed by FACS 

for presence of T cell subsets. As expected, CD4+ or CD8+ SP T cells were practically unde-

tectable, at levels below 0.5% of PMC (Figure 14C).  
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Figure 14.  TCRαβ and TCRγδ DN T cells do not accumulate in the spleens of athymic mice 
reconstituted with CD18-/- BM. Athymic nude mice received T cell-depleted BM (the depletion was done 
using anti-TCRβ plus anti-TCRδ MACS beads) from CD18-/- or WT mice. Eleven weeks after the transfers, 
spleens from the athymic recipients were investigated for the presence of T cell subsets. The reconstituted DN T 
cells appearing in the spleens of athymic mice are represented as percentages from total PMC in spleens, and are 
compared to the number of DN T cells observed in native WT and CD18-/- mice. (A) Mean percentages of 
TCRαβ (grey bars) and TCRγδ (black bars) DN T subsets as detected either in nude mice reconstituted with T 
cell-depleted BM from WT mice (n=4, left bars) or in native unmanipulated WT mice (n=4, right bars). (B) 
Mean percentages of DN T cells as detected either in nude mice reconstituted with T cell-depleted BM from 
CD18-/- mice (n=3, left bars) or in native unmanipulated CD18-/- (n=4, right bars). (C) Mean percentages of 
CD4+ or CD8+ SP T cells as detected in nude recipient mice reconstituted either with T cell-depleted BM from 
CD18-/- (n=4, black bars) or from WT (n=4, grey bars) mice at 11 weeks after BM transplantation. All analyses 
were done by FACS after staining for CD3, CD4, CD8, TCRγδ or TCRαβ. ** p<0.01, *** p<0.001. 
 

But remarkably, also for TCRαβ and TCRγδ DN T cells only percentages below 1-2 % could 

be detected in spleens of recipient nude mice that had been reconstituted with BM from WT 

(Figure 14A) as well as from CD18-/- (Figure 14B) mice. These reflected only background 

levels of TCRαβ and TCRγδ DN T cells that could also been found in native WT mice or 

untransferred nude mice. This stood in contrast to markedly higher levels of 3% TCRαβ and 

5% TCRγδ DN T cells found in the spleens of corresponding native CD18-/- mice. Therefore, 

the high levels of DN T cells prevailing in CD18-/- mice could not be achieved by transferring 

T cell-depleted BM from CD18-/- mice onto athymic nude recipients. Altogether, this argues 
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for an indispensable role of the thymus for the maturation of the unconventional TCRαβ and 

TCRγδ DN T cells found in the periphery of CD18-/- mice. 

An additional approach to support these data would be a fully genetic experiment analyzing 

athymic CD18-/- mice which could be generated by breeding of CD18-/- mice with athymic 

nude mice for the prevalence of DN T cells. 

 

3.3.3.  Presence of a functional thymus alone may be insufficient for the generation 

of unconventional TCRαβ and TCRγδ DN T cells from CD18-/- BM 

 

To next address the question whether presence of a functional thymus, other than in athymic 

nude mice, would be sufficient for the generation and development of the unconventional DN 

T cell subsets found in the periphery of CD18-/- mice, or whether other circumstances beyond 

the thymus would be required, we again performed adoptive transfer experiments with BM 

depleted from T cells by means of anti-TCRβ and anti-TCRδ MACS beads from WT and 

CD18-/- donor mice. This time, we employed RAG2-/- mice as recipient mice, since these mice 

do not develop T cells due to inability of TCR rearrangement (111, 112). But in contrast to 

athymic nude mice, these mice have a functional thymus with a normal thymic epithelium 

principally allowing the settlement and development of engrafting progenitors as for example 

derived from WT or CD18-/- BM. BM suspensions were intravenously transferred at numbers 

of 20x106 cells per recipient RAG2-/- mouse. After a maximum of 6 weeks allowing for en-

graftment with donor BM, spleens of recipient nude mice were analyzed by FACS for pre-

sence of T cell subsets. Remarkably, similarly to nude mice, an accumulation of TCRαβ or 

TCRγδ DN T cells was neither observed in spleens of recipient RAG2-/- mice which had re-

ceived WT BM (Figure 15A) nor in those mice that had received CD18-/- BM (Figure 15B) 

until 6 weeks after the transfers. The low percentages of DN T cells directly corresponded to 

those found for spleens of native untreated WT control mice, which also showed physiologic-

ally small percentages of DN T cells (Figure 15A). This was in opposite to native untreated 

CD18-/- mice which showed significantly higher levels of DN T cells at an age of 6 weeks 

(Figure 15B). 
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Figure 15.  TCRαβ and TCRγδ DN T cells do not accumulate in the spleens of lymphopenic thymus-
competent RAG2-/- mice reconstituted with CD18-/- BM. RAG2-/- mice, which are almost devoid of lympho-
cytes but have a thymus, received T cell-depleted BM (the depletion was done using anti-TCRβ and anti-TCRδ 
MACS beads) from CD18-/- or WT mice. Six weeks after the transfers, spleens from the athymic recipients were 
investigated for the presence of major T cell subsets. The reconstituted T cells appearing in the spleens of 
athymic mice are represented as percentages from total PMC in spleens, and are compared to the number of T 
cells observed in native WT and CD18-/- mice. (A) Mean percentages of TCRαβ (grey bars) and TCRγδ (black 
bars) DN T subsets as detected either in RAG2-/- mice reconstituted with T cell-depleted BM from WT mice 
(n=6, left bars) or in native unmanipulated WT mice (n=5, right bars). (B) Mean percentage of DN T cells as 
detected either in RAG2-/-  mice reconstituted with T cell-depleted BM from CD18-/- mice (n=5, left bars) or in 
native unmanipulated CD18-/- (n=5, right bars). (C) Spleens from RAG2-/- mice receiving the T cell-depleted BM 
from WT (grey bars, n=6) and CD18-/- (black bars, n=5) mice were also investigated for the presence of CD4+ 
and CD8+ SP T cells as a measure for a successful reconstitution of the T cell compartment. All analyses were 
done by FACS after staining for CD3, CD4, CD8, TCRγδ or TCRαβ. ** p<0.01, *** p<0.001. 
 

To exclude that these results showing low levels of DN T cells after transfers were due to a 

failure in engraftment or reconstitution, efficiency of the reconstitution was assessed by detec-

tion of mature CD4+ or CD8+ SP T cells in recipient RAG2-/- mice 5-6 weeks after BM trans-

fers. As a result, this time frame demonstrated to be sufficient to allow development and re-

lease of conventional CD4+ and CD8+ SP T cells into the periphery of recipient mice that had 

received WT or CD18-/- BM (Figure 15C). Interestingly, although the detected levels of recir-

culating CD4+ T cells were identical between WT and CD18-/- cells, CD8+ T cells derived 

from CD18-/- BM as compared to those derived from WT BM were significantly reduced. 
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This suggests a role for β2 integrins either in thymic maturation or homeostasis of CD8+ T 

cells. Although the basis of which is currently unclear, it may be related to the observed 

cytokine shift from Th1 to Th2 that has been reported in absence of functional CD11/CD18 

signaling (286, 287). 

Although we observed a phenotypic reconstitution of SP T cells at physiological levels in 

RAG2-/- mice only 5-6 weeks after BM transfers, we cannot fully exclude that a time frame of 

5-6 weeks was too short to enable a sufficient expansion and accumulation of DN T cells in 

the periphery proving that presence of the thymus may be required and sufficient for their 

generation. Unfortunately, so far, anlyses at later time points (up to 11-12 weeks) were not 

possible due to technical reasons, since a severe weight loss and death of recipient mice 

occurred not later than 5-6 weeks after the transfers. Therefore, according to the currently 

available data there is no absolute evidence that the thymus was not sufficient for CD18-/- 

TCRαβ and TCRγδ DN T cells to develop in an otherwise CD18-competent recipient. But as 

5-6 weeks were sufficient to generate conventional SP T cells, and CD18-/- mice at that age 

already show a significant increase in unconventional DN T cells, we may conclude that 

presence of a functional thymus alone in an otherwise CD18-competent environment is rather 

not sufficient for the generation of unconventional DN T cells observed in CD18-/- mice. 

 

3.4.  Phenotype and function of CD18-/- TCRαβ DN T cells  

 

3.4.1. CD18-/- TCRαβ DN T cells are not type I NKT cells 

 

NKT cells, which share common features of NK and T cells, are typically distinguished by 

intermediate levels of TCR expression, a CD44hi activation phenotype, lack of CD4/CD8, 

and, occasionally, by the presence of NK1.1 and/or DX5 as well as by a liver-restricted local-

ization (177, 208, 211, 223). Remarkably, these features largely reflected those of TCRαβ DN 

T cells expanded in the periphery of CD18-/- mice, which were also devoid of CD4 and CD8 

coreceptors, recirculated to the liver and presented a CD44hi activated phenotype. Therefore, 

we hypothesized that CD18-/- TCRαβ DN T cells may be type I NKT cells, or be derived 

from this subset. 
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Figure 16.  CD18-/- TCRαβ DN T cells do not express the marker profile of type I NKT cells. 
Lymphocytes from pLN from WT (grey bars, n=4) and CD18-/- mice (black bars, n=4) were stained for CD4, 
CD8, TCRαβ, NK1.1, DX5, rat IgG2a and rat IgM isotypes. (A) TCRαβ expression levels on CD4+, CD8+ and 
TCRαβ DN T cells were measured by FACS and calculated as FI reflecting the ratio out of specific mAb 
staining and isotype control stainings. (B) Percentages of NK1.1+ and DX5+ TCRαβ DN T cells from total 
TCRαβ DN T cells of WT (grey bars, n=4) and CD18-/- (black bars, n=5) mice are shown. Statistical signi-
ficances were calculated by alternate t test. *p<0.05. Representative histograms show NK1.1 expression profiles 
on TCRαβ T cells from WT (C) and CD18-/- (D) mice, and DX5 expression profiles on TCRαβ T cells from WT 
(E) and CD18-/- (F) mice. Specific stainings for NK1.1 and DX5 (black lines) are overlaid on isotype control 
stainings (filled grey). Additionally, TCRαβ DN T cells from WT (n=4) and CD18-/- (n=5) mice were investi-
gated for reactivity with CD1d loaded with α-galactosyl-ceramide (αGalCer) dimers. CD1d/αGalCer binding 
(black lines) is depicted on the x-axes of the histograms, as overlaid onto control stainings (filled grey). Staining 
was performed on TCRαβ DN T cells obtained from pLN (G, H) (n=5) and from livers (I, J) (n=3) of WT (G, I) 
and CD18-/- (H, J) mice. Percentages indicate dimer-reactive TCRαβ DN T cells. The depicted dot plots are 
representative of two independent experiments. 
 

To address this hypothesis, we set out to determine additional phenotypical and functional 

markers of NKT cells (see 1.4.2.1.2.). Since NKT cells are characterized by an intermediate 

TCR expression level (TCRαβint), we first performed FACS stainings to quantify TCRαβ on 

membrane surfaces of TCRαβ DN T cells from pLN of WT and CD18-/- mice. As a result, 

CD18-/- unconventional TCRαβ DN T cells, like those from the WT, revealed a TCRαβint 
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expression in comparison to conventional CD4+ and CD8+ T cells from either CD18-/- or WT 

mice (Figure 16A). 

NK1.1 and DX5 in combination or alone define distinct NKT cell subsets (225, 288). There-

fore, we next analyzed NK1.1 and DX5 expression on TCRαβ DN T cells of CD18-/- and WT 

pLN by flow cytometry (Figure 16B-F). Interestingly, our comparative analyses demonstra-

ted that indeed a significantly higher percentage of CD18-/- TCRαβ DN T cells expressed 

NK1.1 although never more than 10%. However, staining for DX5 revealed no significant dif-

ference between CD18-/- and WT TCRαβ DN T cells labeling around 10-15% of the cells, 

although with a tendency towards a slight increase in DX5+ cells among TCRαβ DN T cells 

from CD18-/- mice. Collectively, our data shows that pLN of CD18-/- mice harbor a small 

increase in DX5+ and NK1.1+ DN T cells, although only the latter is significant. This means 

that, in absence of CD18, a slight increase in NK1.1+ TCRαβ+ cells can be observed. But 

since even the sum out of NK1.1+ and DX5+ DN T cells can only account for up to 20% of all 

TCRαβ DN T cells in CD18-/- pLN, we conclude that the vast majority of of TCRαβ DN T 

cells in CD18-/- pLN do not belong to the group of NK1.1+ or DX5+ NKT cells. However, this 

does still not necessarily exclude them from being NKT cells.  

NKT cell subsets devoid of NK1.1 and DX5 receptors expression have recently been found 

(175, 177, 217, 218). In order to analyze whether TCRαβ DN T cells found in cLN of CD18-/- 

mice may be invariant type I NKT cells that lack NK1.1 and DX5 but recognize their classical 

activation antigen αGalCer presented in the context of CD1d, we performed labeling with 

CD1d/αGalCer dimers testing for reactivity of these cells with the classical (type I) NKT cell 

ligand. In fact, TCRαβ DN T cells from pLN of WT mice contained very low percentages of 

CD1d/αGalCer+ type I NKT cells (Figure 16G), while TCRαβ DN T cells from pLN of 

CD18-/- mice even completely lacked CD1d/αGalCer+ type I NKT cells (Figure 16H). To 

ensure a proper staining method, PMC from liver were used to serve as a positive control, 

since liver represents the only organ abundantly populated with the whole variety of NKT cell 

subsets (223). Whereas staining with CD1d/αGalCer was functional revealing a previously 

reported percentage of 30-50% CD1d/αGalCer-reactive type I NKT cells in WT PMC from 

liver (Figure 16I), we found a pronounced and significant decrease in CD1d/αGalCer+ 

TCRαβ DN T cells of only 1.5-4% in CD18-/- liver PMC (Figure 16J). Hence, these results 

even indicate an overall reduction in numbers of invariant type I NKT cells in CD18-/- mice, 

while they exclude CD18-/- TCRαβ DN T cells as type I NKT cells. The reasons underlying 

this decrease in type I NKT cells in pLN and liver of CD18-/- mice need to be further in-

vestigated. 
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Importantly, our data show that TCRαβ DN T cells in cLN from CD18-/- mice form a unique 

group of unconventional T cells, which are neither NK1.1+ or DX5+ NKT cells nor type I 

NKT cells, even though they share some common characteristics like an antigen-experienced 

TCRαβint DN phenotype and recirculation to non-lymphoid organs. Further experiments 

using novel sulfatides for activation studies will be done to identify or rule out a potential 

non-classical type II NKT phenotype. 

 

3.4.2.  CD18-/- TCRαβ DN T cells are not regulatory in vitro 

 

CD18-/- TCRαβ DN T cells share some basic features with anergic as well as with regulatory 

T cells. They express CD25, proliferate vigouorsly upon IL-2 supplementation in vitro but are 

at the same time apparently anergic in response to some potent mitogens (see 3.5.1., and 

Figure 21). We therefore hypothesized that TCRαβ DN T cells from CD18-/- mice might 

reflect or be derived from some subset of regulatory T cells. In this they might also share 

features with or be even identical to regulatory/suppressive DN T cells found in mutant mouse 

models carrying mutations in an apoptosis pathway (260). 

 

3.4.2.1.  CD18-/- TCRαβ T cells cannot suppress polyclonally activated T cells in vitro 

 

Mutations in the apoptosis-mediating molecules CD95 and CD95L lead to an age-related 

accumulation of B220+ TCRαβ DN T cells in lpr and gld mice (260). Those DN T cells were 

reported to prevent the development of autoimmunity by suppressing the proliferation of syn-

geneic conventional T cells in vitro (163, 164, 289). We therefore hypothesized that uncon-

ventional TCRαβ DN T cells from CD18-/- mice might have an analogous functional impact 

playing a suppressive or regulatory role. 

To initially address the question whether the TCRαβ DN T cells accumulating in the periphe-

ry of CD18-/- mice also express B220, which is a distinct characteristic of TCRαβ DN T cells 

from lpr and gld mice, FACS analyses for B220 expression on the respective DN T cell 

subsets was done (Figure 17). Remarkably, flow cytometry revealed that only 16% of the 

CD18-/- TCRαβ DN T cells were B220+ (Figure 17A), as controlled by isotype stainings 

(Figure 17B). In contast, more than 50% of the corresponding WT TCRαβ DN T cells were 

B220+ (Figures 17C, D). Consistently, in mean about 3-fold less B220+ cells were observed 

among CD18-/- TCRαβ DN T cells when compared to the WT (Figure 17E). In summary, 
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CD18-/- TCRαβ DN T cells were largely B220- and therefore phenotypically differed from 

B220+ TCRαβ DN T cell of lpr and gld mice (164). 
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Figure 17.  CD18-/- TCRαβ DN T cells do not express B220. To test whether TCRαβ DN T cells from 
CD18-/- mice would also show a B220+ phenotype, as do TCRαβ DN T cells from lpr and gld mice, PMC from 
pLN of CD18-/- (n=3) (A, B) and WT (n=3) (C, D) mice were stained with B220 mAb (A, C) or isotype control 
mAb (B, D). In addition, CD4, CD8 and TCRαβ staining was done. Subsequently, FACS analyses were per-
formed. Representative dot plots of gated TCRαβ DN T cells from 3 experiments are shown. Besides, mean per-
centages of TCRαβ DN T cells expressing B220 among total TCRαβ DN T cells from WT (grey bars) and 
CD18-/- (black bars) mice are also given (E). The significances were assessed by alternate t test. **p<0.01; n=3. 
 

In a further approach, we set out to investigate potential functional similarities of TCRαβ DN 

T cells from CD18-/- mice and B220+ TCRαβ DN T cell from lpr or gld mice (164). To assess 

whether TCRαβ DN T cells from CD18-/- mice can exert a regulatory function on WT CD4+ 

or CD8+ T cells polyclonally activated by iCD3 and anti-CD28 mAb, coculture assays were 

performed in different settings. CD18-/- TCRαβ DN T cells from spleens, initially expanded 

by IL-2 and subsequently sorted by MACS, were cocultured with MACS-purified CD4+ or 

CD8+ responder T cells from WT spleens at ratios of 1:4, 1:1 and 4:1, or were cultured alone 

(Figure 18A), an experimental setting as analogously used for testing DN T cells from lpr or 

gld mice (164).  
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Figure 18.  CD18-/- TCRαβ DN T cells do not have a suppressive/regulatory function in vitro.   
(A) To test for a suppressive/regulatory function, CD18-/- TCRαβ DN T cells were obtained from spleens (n=3), 
initially expanded by IL-2 in vitro and subsequently sorted by MACS. Purified CD18-/- TCRαβ DN T cells were 
then cocultured with sorted, polyclonally activated (with 5 µg/ml iCD3 and 2.5 µg/ml anti-CD28 mAb) CD4+ 
(grey bars) or CD8+ (black bars) T cells from WT mice. All sorted subsets had purities of higher than 90%. SP 
responder T cells from WT were labeled with 5 µM CFSE and mixed with CD18-/- TCRαβ DN T cells (‘DN’) at 
ratios of 4:1, 1:1 and 1:4 to obtain a total of 2x105 cells per well in 96-well U-bottom plates. The mean pro-
liferation under each condition is presented as the ratio of responder cell prolferation in the respective coculture 
sample devided by the proliferation of responder cells alone (at the respectively corresponding cell number) 
(‘proliferation index’). The data is representtative of two independent experiments. (B) A positive control for 
suppressive function was designed in an analogous experimental setup. Proliferation of MACS-purified WT 
CD4+CD25- T responder cells (‘Tresp’) in cocultures with MACS-sorted WT CD4+CD25+ regulatory T cells 
(‘Treg’) at the indicated ratios was assessed with the CFSE dilution method. For this experiment, only WT PMC 
as obtained after pooling of PMC from spleens of 3 mice were used.  
 

As a result, no difference in the proliferative response of WT CD4+ and WT CD8+ responder 

T cells was observed after 4 days of coculture with CD18-/- TCRαβ DN T cells. Under 

identical conditions, MACS-sorted CD4+CD25+ Tregs and CD4+CD25- responder T cells, 

both obtained from WT spleens, were used as a positive control for this assay revealing a 

potent suppression of CD4+CD25- responder T cell proliferation in presence of CD4+CD25+ 

Tregs (Figure 18B). In this case a clear decrease in the proliferation of responder cells 

demonstrated the suppressive potential of WT CD4+CD25+ Tregs. In contrast, our data on 

CD18-/- TCRαβ DN T cells shows that these cells do not exert regulatory or suppressive 

functions. However, we cannot currently rule out that the absence of suppression is only due 

to the absence of CD18 impairing cell-cell contacts that are potentially required to transmit 

suppressive effects in a contact-dependent manner. Alternatively, it may also be possible that 

CD18-/- TCRαβ DN T cells may have lost a potential suppressive function during their 
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prolonged in vitro expansion. However, a loss of suppressive capacity did not occur after in 

vitro expansion of B220+ DN T cells from lpr or gld mice (164). 

Altogether, TCRαβ DN T cells from CD18-/- mice were fundamentally different from B220+ 

TCRαβ DN T cells from lpr and gld mice in that they neither express B220 phenotypically 

nor share principal functional properties with these cells.  

 

3.4.2.2.  CD18-/- TCRαβ DN T cells do not reveal a classical regulatory phenotype  

 

Since we could not rule out completely the possibility that a lack in suppressive function of 

CD18-/- TCRαβ DN T cells in vitro was only due to the absence of CD18 impairing cell-cell 

contacts or due to a loss of the potential suppressive function during their prolonged in vitro 

expansion, we set out to further assess the phenotype of CD18-/- TCRαβ DN T cells with re-

gard to two hallmarks characteristic for particularly important regulatory T cells subsets being 

TGF-β1 and Foxp3 expression. TGF-β1 is often regarded as the major immunosuppressive 

cytokine secreted by a large variety of Treg cells (290), whereas intracellular Foxp3 expres-

sion identifies predominantly, but not exclusively, natural Treg cells (161). 

To investigate whether CD18-/- TCRαβ DN T cells express the regulatory markers TGF-β1 

and/or Foxp3, CD18-/- TCRαβ DN T cells were obtained at the end of the cocultures with 

responder T cells (see 3.4.2.1.), permeabilized and, after labeling with cell surface markers, 

stained intracellularly for TGF-β1 or Foxp3. In accordance with their functional lack of 

suppression, CD18-/- TCRαβ DN T cells did not show any expression of TGF-β1 (Figure 

19A). CD4+ T cells from spleens, which were polyclonally stimulated with iCD3 and anti-

CD28 mAb for 3 days, served as a positive control revealing an increase of 22% in TGF-β1 

expression (Figure 19B). Besides, staining for intracellular Foxp3, which was detectable in 

8% of total CD4+ T cells, revealed that only 1.5% from total TCRαβ and γδ DN T cells of 

CD18-/- mice expressed Foxp3 (Figure 19C). Eventually, these results further support our 

previous data showing that CD18-/- DN T cells do not possess major functional or phenotypic 

features of natural or other Treg subsets. 
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Figure 19.  CD18-/- TCRαβ DN T cells do not express Foxp3 or TGF-β1. (A) After 4 days of coculture 
with WT responder T cells (see 3.4.2.1.), CD18-/- TCRαβ DN T cells were investigated for intracellular TGF-β1 
production by FACS. TGF-β1 staining (black line) was overlaid on isotype control staining (filled grey). TGF-β1 
positive cells are shown as percentages of total CD18-/- TCRαβ DN T cells. (B) CD4+ T cells stimulated by 
iCD3 and anti-CD28 mAb in vitro for 3 days were used as a positive control for TGF-β1 staining. Data in (A) 
and (B) are representative of 3 independent experiments. (C) Intracellular Foxp3 expression was measured for 
CD18-/- CD4+ SP (n=6), TCRαβ (n=6) and TCRγδ (n=4) DN T cells by FACS, and is presented as percentages 
of 100% of the corresponding cell subset. The data was obtained from 2 independent experiments.  

 
3.5.  CD18-/- DN T cells expand in vivo but have activation mechanisms different 

from conventional T cells 

 

3.5.1.  DN T cells proliferate in cLN of native CD18-/- mice 

 

The existence of elevated numbers of unconventional DN T cells in the cLNs of CD18-/- mice 

necessarily means that these cells either had selectively recirculated into the cLN, or alterna-

tively, were increased in situ due to an expansion or accumulation in cLNs. In our previous 

experiments, we could rule out the hypothesis that a selective recirculation into cLN had 

occurred (see 3.2.2.). To address the alternative hypothesis that unconventional DN T cells 

were increased due to a local expansion or accumulation in cLNs, we performed in vivo 

proliferation assays with the thymidine analogue BrdU to allow detecting cells that divide in 

situ. 

Therefore, BrdU was added to the drinking water of WT and CD18-/- mice. Already after 2 

days, TCRαβ DN T cells obtained from cLN of CD18-/- mice had highly incorporated BrdU, 

as detected by FACS staining with anti-BrdU mAb (Figure 20A). In contrast, 3-fold less WT 

TCRαβ DN T cells (Figure 20B) had incorporated BrdU, each controlled by cohorts that had 

received no BrdU by drinking water (Figures 20C, D). This result was further statistically 
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confirmed showing a significant difference between WT and CD18-/- lymphocyte subsets 

(Figure 20E). These findings clearly support the hypothesis that unconventional DN T cells 

from CD18-/- mice accumulated by in situ proliferation in vivo.  
 

αβ DN T cells

C

1.5%

BrdU

B D12%

0.7%A 42%

CD18+/+

CD18-/-

%
 B

rd
U

in
co

rp
or

at
in

g 
ce

lls
 o

f s
ub

se
t

0

20

40

60

CD4&CD8 αβ DN γδ DN B220

***

** *

***

E

w/o BrdUwith BrdU
CD18-/-

CD18+/+

TC
R
α
β

TC
R
α
β

 
Figure 20.  In situ proliferation of lymphocyte subsets in cLN of native non-immunized CD18-/- 
mice. Representative dot plots show the percentages of BrdU incorporation as a measure for proliferation in 
αβDN T cells obtained from cLNs of CD18-/- (A) and WT mice (B) that received 0,8 mg/ml BrdU in drinking 
water for 2 days. Control cohorts of WT (C) and CD18-/- (D) mice received water without BrdU. (E) Percentages 
of BrdU incorporation detected in B cells (‘B220’), CD4+ and CD8+ SP, TCRαβ DN and TCRγδ DN T subsets 
obtained from cLN of WT (grey bars) and CD18-/- mice (black bars) is shown. Significances were assessed using 
the alternate t test * p<0.05, ** p<0.01, *** p<0.001; n=3. 
 

Interestingly, not only TCRαβ DN T cells but also CD4+, CD8+ and TCRγδ DN T cell subsets 

as well as B cells (B220+) from cLN of CD18-/- mice had proliferated (Figure 20E). The 

simultaneous proliferation of CD18-/- T and B cells suggests that the proliferative expansion 

of these cells occurs on the basis of an ongoing immune response involving different cell 

subsets in the cLN. This view is further supported by the antigen-experienced phenotype and 

susceptibility towards an IL-2-sustained proliferation of DN T cells (see 3.5.2.). However, it 

remains unclear whether the proliferation of CD18-/- TCRαβ and TCRγδ DN T cells resulted 

from a preceeding antigen/pathogen encounter or from a bystander proliferation induced by 

an inflammatory local cytokine environment (8, 285). Even if the underlying cause for their 

expansion lies in an ongoing inflammatory response, this is causally related to CD18 deficien-

cy, since analogous findings were never made in pLN of WT mice. 
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Apart from an increased production or proliferation, DN T cells may also have additionally 

accumulated by a reduced apoptosis. Although so far cLN sections were not investigated for 

apoptosis markers, preliminary FACS analyses from PMC of cLN did not reveal any decrease 

in apoptotic cells or cell viability of DN T cells. Collectively, our data argue in favor of a 

local expansion of TCRαβ and TCRγδ DN T cells in cLN of CD18-/- mice explaining the 

pronounced increase of these cells. However, we cannot currently exclude that an impaired 

egress of these cells from cLNs, as observed for CD18-/- plasma cells (275), contributes to a 

further increase of DN T cells in cLNs. 

 
3.5.2.  CD18-/- DN T cells are highly responsive to IL-2 in vitro resembling antigen-

experienced conventional T cells 

 

Since our data indicated that a local expansion of TCRαβ and TCRγδ DN T cells in cLN of 

CD18-/- mice was responsible for or contributed to the increase of these cells, we next set out 

to investigate principle mechanisms of activation for these cells, which could explain their in 

situ expansion in CD18-/- mice. Particularly our previous findings that CD18-/- DN T cells pre-

sented an antigen-experienced phenotype and recirculation pattern (see 3.2.3.) let us hypothe-

zise that CD18-/- DN T cells may have a reduced activation threshold as compared to naïve 

WT T cells enabling an exaggerated expansion in situ. 

First, the response of total DN T cells from CD18-/- mice to different mitogenic stimuli classi-

cally used for testing and characterization of SP T cells was assessed by 3H thymidin incorpo-

ration. In sharp contrast to WT and CD18-/- total T cells, unconventional CD18-/- DN T cells 

were irresponsive when cultured with TCR-dependent (allogeneic DC in MLR) as well as 

TCR-independent downstream stimuli (PMA/Ionomycin) (Figure 21A). A slight increase in 

proliferation was observed when ConA was added to MLR, increasing crosslinking of TCR 

complexes, although its efficacy was much lower compared to MLR of WT or CD18-/- total T 

cells. Remarkably, DN T cells from CD18-/- mice proliferated vigorously upon supplementa-

tion of exogeneous IL-2, whereas only a moderate IL-2-induced proliferation was detected for 

DN T cells from WT. This pronounced IL-2 responsiveness of CD18-/- DN T cells was in line 

with their antigen-experienced phenotype, which we demonstrated before (see 3.2.3.). 

In a next set of experiments, we differentially analyzed whether both TCRαβ and TCRγδ DN 

T cell subsets from CD18-/- mice could proliferate upon IL-2 in comparison to the correspond-

ing WT subsets. After incubation with IL-2 at 100 U/ml for 4 days, we found that, indeed, 

both TCRαβ (Figure 21C) and TCRγδ (Figure 21E) DN T cells from CD18-/- mice prolifer-
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ated highly upon IL-2. This was also the case for WT TCRγδ DN T cells (Figure 21D) but 

not for TCRαβ DN T cells from WT (Figure 21B). Our findings on a high responsiveness of 

TCRγδ DN T cells (of WT mice) was in accordance to previous findings by others (101, 103). 

Interestingly, the fact that a strong proliferation also observed for CD18-/- TCRγδ DN T cells 

revealed that IL-2-mediated expansion could occur independently of CD18-mediated adhe-

sion or signaling in TCRγδ DN T cells, hence in this case proliferation did not depend on the 

CD18 genotype of these cells. Conversely to the unconventional T cell subsets, the majority 

of conventional CD4+ and CD8+ T cells showed a dramatically lower proliferation (Figure 

21F, G). Only 2-3% from WT cells proliferated in response to IL-2, probably reflecting the 

pool of antigen-experienced cells. Significantly higher than in WT was the percentage of pro-

liferating CD18-/- conventional CD4+ and CD8+ T cells (10-17%) (Figure 21F), although 

being still much below proliferation of CD18-/- DN T cell subsets. This fact was in accordance 

with an increased numbers of CD44hi antigen-experienced cells in CD18-/- mice previously re-

ported by Grabbe and co-workers (86). 

To further assess the degree of proliferative susceptibility of CD18-/- DN T cell subsets for IL-

2, additional proliferation experiments were performed with a stepwise downtitration of IL-2 

concentrations in media. As a result, CD18-/- TCRαβ (Figure 21H) and TCRγδ (Figure 21I) 

DN T cells showed a dose-dependent decrease of proliferation correlating to the IL-2 concen-

tration. Whereas IL-2 at 50 U/ml induced more than 7 cycles of division of CD18-/- TCRαβ 

DN T cells, a decrease of proliferation was observed to 6 divisions at 5 U/ml. Most remark-

ably, although proliferation was further decreased, a response still was detectable even at IL-2 

concentrations as low as 1 U/ml. Compared to TCRαβ DN T cells, TCRγδ DN T cells show-

ed no difference in the kinetics of proliferation between 50 U/ml and 5 U/ml of IL-2 but a 

slightly higher proliferation than TCRαβ DN T cells at 1 U/ml IL-2 (101). Thus, both TCRαβ 

and TCRγδ DN T cell subsets from CD18-/- cLN showed a high sensitivity to IL-2. 
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Figure 21.  CD18-/- TCRαβ and TCRγδ DN T cells vigorously proliferate upon IL-2 supplemen-
tation in vitro. (A) Sorted total T cells from WT (grey bars) and CD18-/- (stripped bars) mice and DN T cells 
(black bars) from CD18-/- mice (all cohorts were n=3) were cultured with different mitogens and other activators 
like IL-2 (100 U/ml), PMA (1 ng/ml) plus Ionomycin (200 ng/ml), allogeneic BM-DC (‘MLR’) and allogeneic 
BM-DC plus ConA (5 mg/ml) (‘MLR & ConA’) for 4 days. During the last 18 hours of incubation, 3H thymidin 
(1 µCi/per well) was added. T cell proliferation was then measured by detecting incorporation of 3H thymidin 
and is here presented in counts per minute (CPM). (B-G) MACS-sorted total T cells from WT and CD18-/- mice 
(n=3) were labeled with CFSE (5 µM) and then cultured either with (black line) or without (filled grey) IL-2 
(100 U/ml) for 4 days. Percentages of proliferating cells in relation to 100% of TCRαβ DN (B, C), TCRγδ DN 
(D, E), conventional SP T cell (‘CD4 & CD8’) (F, G) subset are presented. (H, I) Lymphocyte suspensions pre-
pared from CD18-/- mice (n=4) were labeled with CFSE and subsequently cultured with 1 U/ml (open grey), 5 
U/ml (open black) or 50 U/ml (filled grey) of IL-2 for 7 days. The IL-2 dose-dependent proliferation of CD18-/- 
TCRαβ (H) and TCRγδ (I) DN T cells is reflected by the presented CFSE dilution curves on x-axes showing 
overlay of 1 U/ml (grey line), 5 U/ml (black line) and 50 U/ml (filled grey) IL-2 concentrations. 
 

IL-2 is a growth factor activating only antigen-experienced but not naïve T cells requiring a 

preceeding induction of IL-2 receptor expression. Consequently, the observed rapid and sensi-

tive response to IL-2 led us to conclude that CD18-/- DN T cells either constitutively ex-

pressed IL-2 receptors, or, more likey, were indeed pre-activated. The latter assumption was 

further supported by the expression of CD62LloCD44hi by CD18-/- DN T cells ex vivo in-

dicating an antigen-experienced phenotype. To assess base level expression of the IL-2-

specific IL-2Rα chain on TCRαβ and TCRγδ DN T cells before IL-2-induced proliferation, 
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we stained T cells subsets from pLN of CD18-/- and WT mice with anti-CD25 mAb and sub-

jected them to FACS analysis. 
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Figure 22.  TCRαβ and TCRγδ DN T cells from pLN of CD18-/- mice express CD25. Lymphocytes 
from pLN of CD18-/- (n=5) and WT (n=4) mice were analyzed by staining for membrane expression of CD4, 
CD8, TCRαβ, and TCRγδ in FACS. IL-2Rα chain expression of TCRαβ and TCRγδ DN T cell subsets from 
CD18-/- (A, C) and WT mice (B, D) were defined by staining for CD25 (black line) as compared to isotype 
control staining (rat IgG1) (filled grey). CD25 expressing cells are shown in percentage of total TCRβα or 
TCRδγ DN T cells, as depicted by representative histograms. 
 

Indeed, our data revealed that a markedly higher percentage of TCRαβ DN T cells from 

CD18-/- mice expressed the IL-2Rα chain (Figure 22A) compared to the corresponding WT 

subset (Figure 22B) explaining the high responsiveness of CD18-/- TCRαβ DN T cells upon 

IL-2 in proliferation assays when taken ex vivo (Figure 21C). In contrast, the relatively low 

percentage of WT TCRαβ DN T cells expressing CD25 (Figure 22B) correlated to the low 

proliferative responsiveness towards IL-2 (Figure 21B). But surprisingly, although express-

ing CD25 at lower levels than TCRαβ DN T cells (Figure 22C), CD18-/- TCRγδ DN T cells 

also had the ability to proliferate equally to CD18-/- TCRαβ DN T cells upon IL-2 (Figure 

21E). This was in line with TCRγδ DN T cells from WT pLN, of which about half expressed 

CD25 (Figure 22D) and, eventually, 90% proliferated on IL-2 (Figure 21D).  
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In conclusion, the lack of CD18 expression on TCRαβ DN T cells led to a strong shift 

towards an antigen-experienced phenotype and behavior reflecting distinct similarities to 

TCRγδ DN T cells (103). 

Our findings collectively demonstrate that antigen-experienced unconventional DN T cells 

from CD18-/- mice accumulate by in situ proliferation in vivo, with only IL-2 being a key 

mitogenic stimulus for a sustained in vitro expansion.  

 

3.5.3.  CD18-/- TCRαβ and TCRγδ DN T cells secrete Th1 cytokines only at low 

amounts 

 

Normally, T cell activation results in the secretion of cytokines according to distinct patterns 

such as proinflammatory (TNF-α, IL-6), Th1 (IFN-γ, IL-2), Th2 (IL-4, IL-5) cytokine pat-

terns or others. As an example, specific profiling towards Th1 or Th2 cytokines is closely re-

lated to certain T cell effector functions preferentially regulating cytotoxic or humoral im-

mune responses, respectively (291, 292). A detailed investigation of cytokines secreted by 

CD18-/- TCRαβ and TCRγδ DN T cells upon different mitogenic stimuli may further elucida-

te their function in context of immune responses. As we showed (see 3.5.2.), purified CD18-/- 

TCRαβ and TCRγδ DN T cells proliferated only upon stimulation with IL-2 but not upon 

PMA/ionomycin or allogeneic BM-DC/ConA. We therefore set out to detect Th1/Th2 key 

cytokines in the supernatants from the respectively stimulated cultures by CBA in FACS 

analyses. Corresponding to their proliferative responsiveness, CD18-/- TCRαβ and TCRγδ DN 

T cells revealed some extent of cytokine secretion only after IL-2-induced stimulation and in 

MLR when ConA was added (Figure 23A). However, cytokine secretion was very low in 

comparison to conventional T cells from CD18-/- (Figure 23B) and WT (Figure 23C) mice. 

Interestingly, although secreted only at low levels, IFN-γ or IFN-γ and TNF-α were detected, 

which belong to the Th1 family supporting cytotoxic effector functions. Furthermore, whereas 

CD18-/- DN T cells showed practically no cytokine production (in parallel to absent proli-

feration) in presence of PMA/ionomycin (Figure 23A), total CD18-/- T cells (Figure 23B) 

showed cytokine patterns basically similar to WT T cells (Figure 23C). This was also true for 

total CD18-/- and WT T cells stimulated in an MLR with ConA. But, remarkably, CD18-/- T 

cells produced markedly less IFN-γ than WT T cells, supporting previous data that demon-

strated an insufficiency in Th1 responses along with a bias to Th2 when CD11/CD18-medi-

ated ligation was absent (286, 287). 
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Collectively, compared to WT and CD18-/- total T cells, CD18-/- DN T cells secreted only 

very low amounts of the investigated cytokines, mostly IFN-γ, not excluding the possibility 

that these cells may secrete other cytokines not investigated (293). 
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Figure 23.  Low secretion of Th1 cytokines by CD18-/- DN T cells. (A) Sorted WT (grey bars) and 
CD18-/- (stripped bars) total T cells in parallel with sorted CD18-/- DN T cells (black bars) were cultured with 
different mitogenic activators as carried out in 3.5.2.). At day 4, the supernatants were collected and Th1/Th2 
key cytokines were measured by CBA in FACS. The cytokine content for TNFα (grey bars), IFNγ (black bars), 
IL-5 (white bars), IL-4 (chess board bars) and IL-2 (stripped bars) is given in pg/ml for supernatants of CD18-/- 
DN T cells (A), total CD18-/- T cells (B) and total WT T cells (C). Data reflect measurements from pooled 
supernatants of 3 experiments. 
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3.5.4.  CD18-/- TCRαβ DN T cells are unresponsive in MLR suggesting no 

participation of classical MHC complexes in their activation  

 

Specific activation of conventional T cell involves CD4 or CD8 co-receptors, which together 

with the TCR recognize and bind to MHC II or MHC I on APC (146, 294) providing ‘signal 

1’ of T cell activation. Unconventional CD18-/- TCRαβ DN T cells lack both of these CD4 

and CD8 co-receptors, hence, suggesting different activation mechanisms. 

Allogeneic MHC as expressed by professional APC, such as BM-DC, is a classical potent 

stimulus for conventional CD4+ and CD8+ T cells (266). To investigate CD18-/- TCRαβ DN T 

cells with regard to their properties to be activated by allogeneic MHC, we performed activat-

ion/proliferation assays using allogeneic BM-DC. The latter had been previously different-

iated in vitro from BM of BALB/c mice. Remarkably, CD18-/- TCRαβ DN T cells were not 

activated to proliferate by allogeneic BM-DC (Figure 24A). In comparison, using identical 

BM-DC, also CD18-/- CD8+ T cells proliferated only weakly (Figure 24B), whereas about 

12% of CD18-/- CD4+ T cells had proliferated (Figure 24C). Despite the fact that β2 integrins 

are known to be critically involved in the modulation of T cells activation thresholds (28, 

295), CD18-/- conventional CD4+ T cells were able to partly proliferate in response to the 

potent stimulation by allogeneic BM-DC. Used as positive controls for proliferation, WT 

CD8+ (Figure 24D) and CD4+ T cells (Figure 24E) showed a strong proliferation of 70% and 

40%, respectively, when stimulated with allogeneic BM-DC. 

Collectively, these data show the importance of the CD4 and CD8 co-receptors for stimula-

tion of T cells by allogeneic MHC. Whereas particularly CD18-/- CD4+ T cells proliferated 

under these conditions, CD18-/- TCRαβ DN T cells were irresponsive towards allogeneic 

MHC, suggesting that these cells are unable to recognize allo-MHC and, therefore, may re-

quire activation mechanisms different to conventional SP T cells. Thus, mere presence of the 

TCR (and costimulatory molecules such as CD28; see 3.5.4.) on CD18-/- DN T cells was not 

sufficient to induce proliferation by allogeneic MHC. Besides, our data confirm previous find-

ings (40) revealing a critical role for CD18 molecules in modulating activation thresholds of 

CD4+ and, particularly, of CD8+ T cells in MLR. However, since deficiency of CD18 itself 

dramatically reduces responsiveness of T cells towards alloantigen, the effect of the absence 

of CD4 and, particularly, of CD8, on CD18-/- DN T cells seems somewhat less severe. 
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Figure 24.  Unconventional CD18-/- TCRαβ DN T cells do not proliferate in MLR with allogeneic 
BM-DC. (A) Sorted CD18-/- TCRαβ DN T cells from cLN with a purity exceeding 80-90% were labeled with 5 
µM CFSE and cultured for 6 days either with previously prepared allogeneic BM-DC from BALB/c at a ratio of 
10:1 (black line) or alone w/o DC (filled grey). As controls, conventional CD8+ and CD4+ T cells from CD18-/- 
(B, C) as well as from WT (D, E) mice were cultured either with allogeneic BM-DC from BALB/c (black line) 
or alone w/o DC (filled grey) under the same conditions. Representative data from 3 independent experiments 
are shown. 

 
3.5.5.    Maximal proliferation of DN T cells can be achieved independently of 

costimulatory signaling by CD28  

 

In addition to ‘signal 1’ provided by the TCR complex, a costimulatory ‘signal 2’ usually 

exerted by CD28 ligation is required for achieving complete CD4+ or CD8+ T cell activation 

(28, 296, 297). To analyze the role of the CD28 costimulation in the activation of CD18-/- 

TCRαβ DN T cells, CFSE-labeled CD18-/- and WT TCRαβ DN T cells were stimulated poly-

clonally either by iCD3 mAb alone or by a combination of iCD3 and soluble CD28 mAb. 

CD4+, CD8+ and TCRγδ DN T cells from CD18-/- and WT mice were used as additional 

controls. Subsequently, the ratio of iCD3 vs. iCD3 and anti-CD28 induced proliferation was 

determined. As expected, SP T cells from both CD18-/- and WT mice employed as controls 
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revealed a ratio below 1 (Figure 25A), hence showing a higher proliferation when additional 

CD28-mediated costimulation was provided. Interestingly, all TCRαβ and TCRγδDN T cells 

proliferated similarly when stimulated with iCD3 or both iCD3 and anti-CD28. This meant 

proliferation of TCRαβ and TCRγδDN T cells could not be further increased by CD28 liga-

tion as shown by ratios close to 1. Therefore, the significant difference in the proliferation of 

CD4+ or CD8+ T cells that was enhanced by anti-CD28 mAb and the one of DN T cells, 

which could not be further increased by anti-CD28 mAb, unraveled that CD28 signaling did 

not contribute to the activation of DN T cells. However, these results raise the possibility that 

CD18-/- TCRαβ and TCRγδ DN T cells did not express CD28 at all, as a variable expression 

of CD28 co-receptor has been previously reported particularly for TCRγδ DN T cells (193). 

To assess whether CD28 was at all expressed by the herein investigated DN T cells, FACS 

analyses for CD28 expression were done. When compared to conventional SP T cells (Figure 

25B, C, H), CD28 was expressed at similarly high levels also by WT TCRαβ DN T cells 

(Figure 25D, H). Also CD28 was expressed by CD18-/- TCRαβ DN T cells, although to a 

slightly but significantly lower extent (Figure 25E, H) than on the corresponding CD18-/- SP 

T cells (Figure 25C, H). TCRγδ DN T cells of both CD18-/- and WT mice expressed even 

lower levels of CD28 (Figure 25F, G, H) suggesting a reduced receptor density. Interest-

ingly, CD18-/- TCRαβ DN T cells demonstrated significantly lower CD28 expression levels 

compared to the coresponding WT TCRαβ DN T cells or SP T cells from either phenotype 

thus rather revealing similarities to TCRγδ DN T cells than to conventional T cell subsets. 

This may indicate that DN T cells from CD18-/- mice stand in line rather with cytotoxic cells 

like TCRγδ, CD8+ or NK cells, potentially using an alternative costimulation e.g. via NKGd2 

to induce effector functions or proliferation. 

Regarding the fact that CD28 was reduced but not fully absent on CD18-/- TCRαβ DN T cells, 

our data suggests that the lack of costimulatory efficacy via CD28 was not caused by an 

absence of CD28. In conclusion, under conditions of a highly reduced cellular adhesion in 

CD18-/- mice, TCRαβ and TCRγδ DN T cells showed a strong activation even independently 

of CD28-mediated costimulatory signaling indicating the existence of different mechanisms 

of activation compared to SP T cells.  
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Figure 25.  CD18-/- TCRαβ DN T cells are activated through mechanisms independently of 
CD28. Total T cells purified from pLN of WT (grey bars) and CD18-/- (black bars) mice were sorted by MACS, 
labeled with 5 µM CFSE and cultured in vitro either with iCD3 (5 µg/ml) plus anti-CD28 (2.5 µg/ml) mAb or 
with iCD3 mAb (5 µg/ml) alone. The effect of costimulation of anti-CD28 mAb on proliferation of the indicated 
lymphocyte subsets is presented as the ratio of proliferation upon stimulation by iCD3 alone versus proliferation 
upon a combined stimulation by iCD3 and anti-CD28 mAb, as measured by FACS. A ratio of 1 indicated an 
equal proliferation and ratios < 1 occurred in the case that stimulation by anti-CD28 mAb further increased the 
iCD3-induced T cell proliferation (n=4). Histograms representative of 3 independent experiments show CD28 
expression (black lines) and labeling with isotype control mAb (filled grey) of SP T cells (‘CD4&CD8’) (B, C), 
TCRαβ DN T cells (D, E) and TCRγδ DN T cells (F, G) from WT and CD18-/- mice as analyzed by FACS. (H) 
Mean expression levels of CD28 on the indicated T cell subsets from WT (grey bars, n=4) and CD18-/- (black 
bars, n=5) mice were analyzed by FACS and are presented as FI. Significances were calculated by alternate t 
test. *p<0.05, **p<0.01, ***p<0.001. 

 
3.6.  CD18-/- TCRαβ and TCRγδ DN T cells expand by homeostatic proliferation 

 

Although thymus is the organ where T cells mature and develop (127), important mechanisms 

act in the periphery of an individual to maintain relatively constant numbers of T cells inde-

pendently from thymic output resulting in lymphocyte homeostasis. The control of prolifera-

tion and survival of naïve CD4+ and CD8+ SP as well as memory CD8+ T cells is mainly 

gouverned by the ‘common γ chain’ (γc) cytokines IL-7 and IL-15 (90, 92, 93). However, the 
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maintenance of memory CD4+ T cells does not rely on γc cytokines suggesting a non-

competitive action between these T cell subsets (93). 

 

3.6.1. CD18-/- TCRαβ and TCRγδ DN T cells proliferate homeostatically in 

lymphopenic environment 

 

Homeostatic lymphocyte proliferation has been found to give rise to ‘antigen experienced-

like’ lymphocytes and other ‘unconventional’ subpopulations, among them DN T cells, which 

are often hyporesponsive to activation and show an increased apoptotic resistance (298-303). 

Our data already had revealed that unconventional DN T cells from CD18-/- mice present a 

phenotype similar to ‘antigen-experienced’ cells (see 3.2.3.). Also, they proliferated highly 

upon IL-2, but not upon distinct TCR-independent or -dependent stimulation (see 3.5.2. and 

3.5.4.). Regarding these facts along with the marked decrease in naïve SP T cells recirculating 

through pLN in CD18-/- mice, we next hypothesized DN T cells may be generated by homeo-

static proliferation under lymphopenic conditions found in CD18-/- mice. Accordingly, DN T 

cells might either be generated from conventional SP T cells by aberrant loss of CD4 and 

CD8 expression or by preferential expansion of an already existing DN T cell subset in ab-

sence of CD18 along with a homeostasis-induced driving force. 

Placed in a lymphopenic environment, naïve and memory T cell undergo an antigen-indepen-

dent proliferation (acute homeostatic proliferation), whereas in a full T cell compartment only 

memory T cells divide slowly (basal homeostatic prolifertion) (90). To address the question 

whether lymphocytes from pLN of CD18-/- mice might generate or expand DN T cell subsets, 

as found in cLN and other peripheral tissues of CD18-/- mice, under conditions of severe lym-

phopenia inducing homeostatic proliferation of the transferred lymphocytes independently of 

antigen, PMC from pLN of CD18-/- mice were transferred intravenously to RAG2-/- mice. 
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Figure 26.  CD18-/- TCRαβ DN T cells proliferating in lymphopenic RAG2-/- recipient mice delay 
the proliferation of cotransferred CD4 cells. PMC suspensions from pLN from WT (n=4) and CD18-/- 
(n=10) donor mice were CFSE-labeled (5 µM) and intravenously transferred into RAG2-/- recipient mice at 
3x106 cells per mouse. Nine days later, spleens from RAG2-/- recipients were analyzed for proliferation as 
detected by CFSE dilution in FACS. (A-H) Representative dot plots show CFSE dilution that had occurred in 
vivo as a measure of proliferation for the donor cells. Proliferating cells are presented as percentages of 100% of 
the corresponding CD4+, CD8+, TCRαβ and TCRγδ DN T cell subsets. (J) CFSE-labeled total WT or CD18-/- 
PMC containing different initial amounts (percentages) of TCRαβ DN T cells were transferred into RAG2-/- 
recipients. Transferred PMC suspensions contained either 1-6% (n=7) or 26% (n=3) TCRαβ DN T cells from 
CD18-/- donors (black bars), or 0.4% (n=4) of TCRαβ DN T cells from WT donors (grey bar) as a control. DN T 
cells were regarded as effectors. Proliferation of conventional CD4+ SP T cells present in the respective donor 
PMC preparation was analyzed by CFSE dilution in FACS. Conventional CD4+ SP T cells were regarded as 
responders. The significance of the results was calculated by alternate t test. *p<0.05. 
 

The complete data obtained in this set of experiments are further summarized in Table 2 for 

all lymphocyte subsets analyzed. Interestingly, in contrast to the other subsets, CD4+ T and 

CD19+ B cells from both WT and CD18-/- mice demonstrated lower percentages of prolifer-

ating cells at 9 days after the transfer suggesting a slower kinetic of proliferation during this 

relatively short time period. Furthermore, closer analyses of the data from these in vivo ex-

periments for homeostatic expansion further revealed a correlation between the percentages of 

 88



Tsvetelina Veleva-Oreshkova  Results 

initially transferred unconventional CD18-/- TCRαβ DN T cells and the homeostatic prolifer-

ation of conventional CD18-/- CD4+ T cells (Figure 26J). Whereas more than 50% of CD18-/- 

donor CD4+ T cells had proliferated showing a proliferation identical to CD4+ T cells from 

WT donors when only 1-6% of the initial donor cells were TCRαβ DN T cells, a significantly 

lower percentage of homeostatic proliferation of CD18-/- donor CD4+ T cells was obtained 

when CD18-/- TCRαβ DN T cells represented 26% from the initially transferred PMC suspen-

sion. Although no suppressive/regulatory of CD18-/- TCRαβ DN T cells could be demonstra-

ted before (see 3.4.2.), these results eventually suggested a possible in vivo regulatory funct-

ion of CD18-/- TCRαβ DN T cells on CD4+ T cells. Alternatively, the existence of compe-

titive mechanisms among lymphocyte subsets for growth factors and nutrients might have led 

to a delayed proliferation of that cell subset, for example, with a higher cytokine dependency 

potentially being the CD4+ T cells. The mechanisms underlying this altered homesostatic ex-

pansion of CD4+ T cells need to be further investigated. 

 

CD18+/+

n=4
CD18-/-

n=10

CD8

CD4 52% ± 4%

TCRγδ DN

NK1.1

CD19

TCRαβ DN

92% ± 3%

50% ± 0% ∗

88% ± 11%

35% ± 8%

76% ± 14%

46% ± 9%

95% ± 3%

91% ± 10%

80% ± 12%

35% ± 11%

67% ± 11%

 
 
Table 2.  Lymphopenia drives homeostatic expansion of CD18-/- TCRαβ DN T cells in RAG2-/- 
mice independently of antigen. PMC suspensions from pLN from WT (n=4) and CD18-/- (n=10) donor mice 
were transferred adoptively and retrieved in spleens of RAG2-/- recipient mice after 9 days, as described (see 
Figure 26). Percentages indicate the range of proliferating cells from the indicated lymphocyte subset as related 
to 100% of cells from the respective subset; ± standard deviation. Since TCRαβ and TCRγδ DN T cells were 
physiologically present in the transferred PMC suspensions from WT donors only at extremely low levels, it was 
impossible to detect them in the spleens of RAG2-/- recipient mice at least in some cases. Therefore com-
parability to CD18-/- DN T cells is limited. – *Percentage derived from n=2, due to paucity of this subset.  
 

In conclusion, these data proved that unconventional DN T cells were able to proliferate 

homeostatically not only in CD18-/- mice but also under lymphopenic conditions in CD18-

competent RAG2-/- hosts, hence occurring independently of the presence of CD18 in the indi-
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vidual environment. This expansion furthermore had occurred spontaneously and did not re-

quire immunization of any kind. 

 

3.6.2. TCRαβ DN T cells from CD18-/- mice proliferate upon the homeostatic 

cytokine IL-7 in vitro  

 

The homeostatic maintenance of naïve CD4+, CD8+ and memory CD8+ T cells in the peri-

phery is primarily controlled by the γc cytokines IL-7 and IL-15 (90, 92, 93). Expression 

levels of their receptors on T cells can indirectly indicate their proliferative susceptibility for 

these homeostatic cytokines. We therefore analyzed cytokine receptor expression and respon-

siveness of DN T cells. 

A key cytokine driving homeostatic T cell expansion is IL-7. In order to verify whether 

TCRαβ and TCRγδ DN T cells prevalent in CD18-/- mice are generally susceptible for IL-7, 

first IL-7Rα (CD127) expression was investigated. As a result, we found a massive increase 

of CD127 expression on TCRαβ DN T cells from CD18-/- (Figure 27B) as compared to WT 

(Figure 27A) mice, showing the positively stained cells in the upper right quadrants of the re-

presentative dot plots. Specificity of the stainings was ensured by isotype control-stained cells 

from CD18-/- (Figure 27D) as compared to WT (Figure 27C) mice. In mean from at least 5 

mice, more than 94% from CD18-/- TCRαβ DN T cells expressed CD127, while only 40% of 

the corresponding WT TCRαβ DN cells did (Figure 27E). This difference was significant, 

and stood in contrast to all other WT and CD18-/- T subsets analyzed showing a similar 

CD127 expression, with higher mean percentages found on TCRγδ DN and CD8+ T cells 

compared to CD4+ T cells (Figure 27E). 
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Figure 27.  CD18-/- TCRαβ DN T cells are highly responsive to IL-7 in vitro. PMC were obtained 
from pLN of WT mice, labeled with CFSE (5 µM), and stained for CD4, CD8, TCRαβ, TCRγδ and CD127 (IL-
7Rα). Representative dot plots show CD127 expression as detected by FACS after gating on TCRαβ DN T cells 
from CD18-/- (A) and WT (B) mice. Isotype control stainings (rat IgG2a) are also depicted for TCRαβ DN T cells 
from CD18-/- (C) and WT (D) mice. (E) The bar graph summarizes these data giving the mean percentages of 
CD127-expressing cells from the indicated T cell subset as related to 100% of cells from the respective subset 
for WT (grey bars, n=5) and CD18-/- (black bars, n=7) mice. The here depicted data was obtained from three in-
dependent experiments. The significances were calculated by alternate t test. ***p<0.001. (F-M) CFSE-labeled 
(5 µM) and MACS-sorted total T cells from WT (n=4) and CD18-/- (n=8) mice were cultured for 6 days with 
(black line) or without (filled grey) 150 ng/ml IL-7. Histograms show proliferation of TCRαβ DN, TCRγδ DN, 
CD4+, and CD8+ T cell subsets reflected by CFSE dilution as measured by FACS. The results are representative 
of 2 independent experiments. 
 

Next, we analyzed the different T cell subsets for their functional capacity to proliferate upon 

IL-7. Therefore, T cells were cultured with IL-7 (150 ng/ml) for 6 days. We found that, except 
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CD18-/- TCRγδ DN T cells (Figure 27I), CD18-/- T cell subsets generally showed a higher 

proliferation upon IL-7 than the corresponding WT T cell subsets, although the difference for 

conventional CD4+ and CD8+ T cells was very small. Particularly, CD18-/- TCRαβ DN T cells 

(Figure 27G) proliferated more vigorously upon IL-7 than WT TCRαβ DN T cells (Figure 

27F). Interestingly, CD18-/- TCRγδ DN T cells (Figure 27I) proliferated markedly less than 

CD18-/- TCRαβ DN T cells (Figure 27G), and rather resembled WT TCRγδ DN T cells 

(Figure 27H), which under conditions of specific activation have been described previously 

to be potently activated by IL-7 (100, 104). Thus, TCRγδ DN T cells also proliferated inde-

pendently of β2-integrin deficiency. 

It is noteworthy that almost all WT and CD18-/- conventional CD4+ and CD8+ T cells stayed 

quiescent under the conditions of the experiment (Figures 27J-M), although 40-60% from 

them expressed CD127 (Figure 27I). But this fact has been described before (304) confir-

ming that, apart from the presence of IL-7, other factors like interaction with MHC complexes 

or other cytokines, which are available in vivo, are required for naïve and memory SP T cells 

to proliferate. In summary, these data show that, unlike conventional CD4+ and CD8+ T cells, 

antigen-experienced CD18-/- TCRαβ DN T cells are highly sensitive to IL-7 alone and can 

proliferate in vitro, similarly as demonstrated for activated TCRγδ DN T cells before (100, 

104). 

 

3.6.3. CD18-/- TCRγδ DN T cells and TCRαβ DN T cells proliferate upon IL-15 in 

vitro 

 

In order to investigate the proliferative responsiveness of CD18-/- T cell subsets towards IL-

15, an essential cytokine particularly regulating the development and proliferation of NK 

(305), NKT (306, 307) as well as the proliferation of memory CD8+ T cells (90, 93) and acti-

vated TCRγδ DN T cells (101, 103), total T cells from pLN of WT and CD18-/- were sorted, 

depleted from NK1.1+ and DX5+ cells by MACS, and cultured for 9 days with addition of IL-

15 at 200 ng/ml. Interestingly, consistent with their antigen-experienced phenotype, TCRγδ 

DN T cells from both genotypes proliferated vigorously (Figures 28A, B) indicating that β2-

integrin deficiency had no impact in this regard. As expected, also a fraction of CD8+ T cells 

proliferated (Figures 28C, D) most likely reflecting the pool of memory CD8 T cells (90, 93), 

while the rest stayed quiescent similar to the control cells, probably representing the naïve 

CD8+ T cells. CD4+ T cells independently of their activation state or CD18 genotype were not 

induced to expand by IL-15 (Figures 28E, F), which is in accordance to previous reports 
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(93). Interestingly, although depleted from NK1.1+ and DX5+ cells by MACS, TCRαβ DN T 

cells from both genotypes also proliferated (Figures 28G, H). 
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Figure 28.  CD18-/- TCRγδ DN T cells are highly responsive to IL-15 in vitro. (A-F) PMC were ob-
tained from pLN of WT (n=3) and CD18-/- (n=4) mice. Next, T cells were sorted and depleted from NK1.1+ and 
DX5+ cells by MACS, labeled with CFSE (5 µM) and cultured with (black line) or without (filled grey) 200 
ng/ml IL-15 for 9 days. Histograms show proliferation of TCRαβ DN, TCRγδ DN, CD4+, and CD8+ T cell sub-
sets reflected by CFSE dilution as measured by FACS. (I, J) Proliferating WT and CD18-/- TCRαβ DN T cells 
(black line) were further analyzed for NK1.1 expression in comparison to non-proliferating controls (filled grey). 
The results are representative of 2 independent experiments. 
 

Furthermore, WT and CD18-/- TCRαβ DN T cells were analyzed for NK1.1 expression not 

only before but also after the incubation with IL-15 on day 9, in comparison to non-stimulated 

controls. Surprisingly, 30-50% from the responding CD18-/- cells stained positive for NK1.1 

(Figures 28I, J), suggesting two possible scenarios. First, the observed proliferation could be 

due to initially small numbers of contaminating NK1.1+ NKT cells that had not been suf-

ficiently depleted (although percenttages were below 1% before the assay was started) and 

were massively expanded upon incubation with IL-15. Or, second, CD18-/- NK1.1-/lo TCRαβ 

DN T cells were NKT subset with the ablity to upregulate NK1.1 upon IL-15 stimulation, as it 
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was previously shown also for CD8+ NKT cells (308). This effect was not observed in similar 

cultures with IL-2 and IL-7 cytokines. 

We conclude that, whereas CD18-/- TCRγδ DN T cells could only be slowly expanded by IL-

7, both TCRγδ DN T cells and, to a smaller extent, also TCRαβ DN T cells from CD18-/- 

mice proliferated rapidly upon IL-15. Thus, with their distinct profiles, DN T cell subsets 

from CD18-/- mice were highly responsive to homeostatic key cytokines, unraveling mecha-

nisms that support our findings of a homeostatic expansion in lymphopenic settings, one 

being RAG-2-/- mice, the other, with only a mild peripheral lymphopenia, being CD18-/- mice. 

Consequently, besides the potential and likely existence of an ongoing antigenic stimulation 

or proinflammatory environment in the periphery of CD18-/- mice, it cannot be excluded that 

homeostatic proliferation also contributes to, or even drives, the accumulation and/or differ-

entiation of DN T cell subsets in CD18-/- mice. 

 

3.7.  TCRαβ DN T cells are generated in male CD18-/- H-YtransRAG2-/- mice 

 

β2 integrins have been ascribed a pivotal role in the intrathymic development and maturation 

of T cells (309-314). However, the results are contradictory, probably due to the different 

experimental settings used and the absence of genetically defined models mainly using block-

ing mAb with a restricted feasibility (315). 

The ‘Marilyn’ strain of TCR-transgenic mice carries a genetically defined clonal TCR, which 

specifically recognizes a Y chromosome-encoded (auto-) oligopeptide (termed ‘H-Y’), lead-

ing to an MHC II-restricted negative selection (i.e. depletion) of the TCR-transgenic CD4+ T 

cells in thymi of male mice due to their high autoreactivity in presence of the peptide (98). In 

female mice, due to absence of the antigenic peptide, H-Y-specific CD4+ T cells are ‘consid-

ered’ as recognizing a foreign antigen, hence are positively selected on I-Ab (MHC II) and not 

deleted during negative selection in thymus. By additionally introducing a RAG2-/- mutation, 

spontaneous TCR rearrangement generating SP T cells with variable TCR specificity was 

prevented (111, 112). As a result, all Marilyn H-YtransRAG2-/- mice harbor H-Y-specific CD4+ 

T cells in the periphery carrying the clonal TCR with a Vβ6 chain (98). 
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3.7.1.  Male CD18-/- H-YtransRAG2-/- mice reveal increased percentages of peripheral 

TCRαβ DN T cells carrying the autoreactive transgenic Vβ6 TCR 

 

In order to investigate the role of β2 integrins in T cells development, the CD18 null mutation 

was introduced into H-YtransRAG2-/- Marilyn mice by crossing until homozygosity for all 

mutations was obtained. During the breeding, offspring and breeders were genotyped by PCR, 

as established previously (98), to confirm genotype of alleles for the CD18, RAG-2 and Mari-

lyn mutation (Figure 29A, B). FACS analyses were also performed to phenotypically confirm 

transgeneity for TCR by detection of the clonotypic Vβ6 chain (Figure 30A). 

Identically to H-YtransRAG2-/- mice, analysis of peripheral blood from male CD18-/- Marilyn 

mice revealed a complete lack of mature TCR non-transgenic CD4+ and CD8+ SP T cells 

(Figure 30A). This finding is due to RAG2 deficiency, which abrogated all physiologically 

occurring TCR rearrangements (111, 112) allowing only maturation of TCR-transgenic T 

cells, which have a functional ‘ready’ arranged TCR. However, TCR-transgenic CD4+ SP T 

cells with autoreactivity for the H-Y peptide in males were also eliminated in absence of 

CD18 demonstrating that β2-integrin deficiency did not lead to a change in thymic deletion of 

Marilyn CD4+ SP T cells. As expected, female CD18-/- H-YtransRAG2-/- mice did not harbor 

mature CD8+ SP T cells in the peripheral blood (Figure 30B) but only CD4+ SP T cells with 

transgenic H-Y specificity were detected by Vβ6 mAb in FACS (Figure 30C). 

Interestingly, the presence of TCRαβ DN T cells in different transgenic mouse models has 

often been reported (162, 265, 316). In accordance, TCRαβ DN T cells were also detected in 

the spleens of male H-YtransRAG2-/- mice no matter whether they were CD18+/+ or CD18-/- 

(Figure 30D). But remarkably, TCRαβ DN T cells in CD18-/- H-YtransRAG2-/- mice were 

present at dramatically higher percentages as compared to male CD18+/+ H-YtransRAG2-/- mice 

suggesting that β2 integrins were involved either directly or indirectly in maintaining these 

autospecific T cells at lower numbers. 
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Figure 29.  Confirmation of genotypes of CD18-/- H-YtransRAG2-/- and control mice. Tail biopsies 
from offspring and breeders of H-YtransRAG2-/- mice x CD18-/- mice crossings were taken. DNA was extracted 
and subjected to selective amplification using primers for the WT and mutant genes of CD18, RAG2 and the 
Marilyn transgene (see 2.2.17.). (A) Migration of the amplified products of CD18-/- (150 bp, upper row) and 
CD18+/+ (450 bp, lower row) in a 1.5% agarose gel. The DNA molecular weight marker (1 Kb Plus DNA ladder) 
on the right side indicates the electrophoretic migration of products with the sizes 100, 200, 300, 400, 500, 650, 
850, 1,000 and 12,000 bp. (B) Bands reflecting the products of the RAG2-/- (350 bp, upper row) and RAG2+/+ 
(260 bp, lower row) mutations at the left side of the agarose gel (i.e. left of the DNA molecular weight marker), 
and the products of the Marilyn transgene (340 bp) at the right side of the gel (i.e. right of the marker). 
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Next, TCRαβ DN T cells from male CD18-/- H-YtransRAG2-/- mice were investigated for ex-

pression of the clonotypic Vβ6 TCR, and compared to Vβ6 chain expression (of polyclonal 

specificity) in CD18-/- TCR non-transgenic mice as a control. As expected, the majority of 

TCRαβ DN T cells (68%) from CD18-/- H-YtransRAG2-/- mice carried the clonotypic Vβ6 

TCR (Figures 30E), while the rest of PMC did not stain for Vβ6. This was in contrast to 

analyses of TCRαβ DN T cells from CD18-/- mice, which had only around 9% Vβ6+ TCR, 

hence reflecting the normal prevalence of Vβ6+ T cells in CD18-/- TCR non-transgenic mice 

(Figures 30F). Subsequently, analysis of the activation state of CD18-/- TCRαβ DN T cells 

was performed showing no differences between male CD18-/- H-YtransRAG2-/- (Figures 30G) 

and CD18-/- TCR non-transgenic (Figures 30H) mice with regard to CD44 expression. In 

both genotypes, around 98% of TCRαβ DN T cells were CD44hi suggesting possible antigen 

experience. 

Our data revealing presence of autospecific TCRαβ DN T cells in the periphery of male H-

YtransRAG2-/- mice supports former reports proposing that absence of CD4 and CD8 co-

receptors may increase the escape from negative selection in thymus (162, 265, 316). Alter-

natively, unlike SP T cells, TCRαβ DN T cells may not be subjected to negative selection 

following a different route of maturation, as for example also observed for NKT cells (206-

208). The fact that male CD18-/- H-YtransRAG2-/- mice show markedly increased percentages 

of autospecific transgenic TCRαβ DN T cells in comparison to male CD18+/+ H-YtransRAG2-/- 

mice, may indicate that, in absence of CD18, negative selection of TCRαβ DN T cells is even 

further reduced releasing increased numbers of autospecific TCRαβ DN T cells into the peri-

phery. Alternatively, it is also possible that initially identical numbers of TCRαβ DN T cells 

are released from the thymus also in male CD18-/- H-YtransRAG2-/- mice, but that they accu-

mulate or expand secondarily in the periphery of these mice due to mechanisms also leading 

to an accumulation of TCRαβ DN T cells in CD18-/- TCR non-transgenic mice (see 3.5.). 
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Figure 30.  Autoreactive TCR-transgenic TCRαβ DN T cells with an antigen-experienced pheno-
type accumulate in male CD18-/- H-YtransRAG2-/- mice. PMC from blood of male (A) and female (B) H-
YtransRAG2-/-CD18-/- mice were isolated by ACK lysis of erythrocytes, labeled with mAb for CD4, CD8, TCRαβ 
and Vβ6, and analyzed by FACS. PMC expression of CD4 (x axis) and CD8 (y axis) is shown. (C) Gated on 
CD4+ T cells, the exclusively clonal transgenic specificity of the TCR in female H-YtransRAG2-/- mice is 
demonstrated by detection with Vβ6 mAb on a representative histogram. (D-H) Splenocytes prepared from WT 
(grey bar) and CD18-/- (black bar) H-YtransRAG2-/- male mice and TCR non-transgenic controls were labeled with 
mAb for CD4, CD8, TCRαβ, Vβ6 and CD44 (n=4). (D) TCRαβ DN T cells from WT (grey bar) and CD18-/- 
(black bar) H-YtransRAG2-/- male mice are presented as percentages of total PMC. Significances were assessed by 
alternate t test. *p<0.05, **p<0.01. (E-F) Representative histograms show expression of the Vβ6 TCR by 
TCRαβ DN T cells (black line) and non-T cells as controls (filled light grey) as obtained from male CD18-/- H-
YtransRAG2-/- (E) and CD18-/- (F) mice. (G, H) Representative histograms show expression of CD44 (black line) 
versus staining with rat IgG2b isotype control mAb (filled dark grey) by TCRαβ DN T cells from CD18-/- H-
YtransRAG2-/- male mice (G) and TCR non-transgenic CD18-/- mice (H). 
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3.7.2.  TCRαβ DN T cells from male CD18-/- H-YtransRAG2-/- mice show functional 

features identical to those from CD18-/- mice 

 

To address the question whether TCRαβ DN T cells have a similar capacity to accumulate or 

expand secondarily in the periphery of male CD18-/- H-YtransRAG2-/- mice as TCRαβ DN T 

cells from CD18-/- TCR non-transgenic mice, we repeated key experiments to characterize 

activation and expansion, as done previously with DN T cells from CD18-/- mice (see 3.5.), 

also for TCRαβ DN T cells from male CD18-/- H-YtransRAG2-/- mice. Performing CFSE 

proliferation assays in presence of iCD3 with or without anti-CD28 mAb, IL-2 or IL7 in vitro, 

TCRαβ DN T cells from male CD18-/- H-YtransRAG2-/- mice were investigated for functional 

similarities with the corresponding subsets from CD18-/- mice. Preliminary data showed that 

when stimulated polyclonally either with iCD3 alone with iCD3 plus anti-CD28 mAb, 

TCRαβ DN T cells from CD18-/- H-YtransRAG2-/- mice proliferated equally, as demonstrated 

by the overlapping CFSE profiles (Figure 31A). In this respect, CD18-/- TCRαβ DN T cells 

independently of their TCR specificity showed no requirement for CD28 costimulation 

(Figure 31A, B). 

The activation phenotype (CD44hi) of TCRαβ DN T cells from male CD18-/- H-YtransRAG2-/- 

mice (see 3.7.1.) suggested that these cells were either truly antigen-experienced or ‘antigen 

experienced-like’ T cells expanding homeostatically because of the lymphopenic conditions 

RAG2-/- mice (298-303). For this reason, proliferative responses towards the two critical 

cytokines IL-2 and IL-7 were investigated also for TCRαβ DN T cells from male CD18-/- H-

YtransRAG2-/- mice. After six days of culturing in the presence of either IL-2 (Figures 31C, D) 

or IL-7 (Figures 31E, F) a total proliferation of all CD18-/- TCRαβ DN T cells was observed 

as compared to non-stimulated cells. In this respect, transgenic TCRαβ DN T cells from male 

CD18-/- Marilyn mice behaved similarly to polyclonal TCRαβ DN T cells accumulating in the 

periphery of CD18-/- mice. Probably related with a preceeding antigenic activation reflected 

by their CD44hi phenotype, autospecific TCRαβ DN T cells demonstrated proliferative de-

pendence on IL-2 and IL-7, which are known to exert the same effect on other subsets of un-

conventional T cells like NKT (217, 317) and TCRγδ T cells (100, 103). In the case of the 

TCR-transgenic CD18-/- Marylin mice, the antigen is well-defined either being the H-Y self-

peptide or a foreign Listeria monocytogenes-derived peptide (98), the latter of which is not 

available under the current circumstances of breeding. Therefore, it seems probable that, in-

deed, TCR-transgenic CD18-/- TCRαβ DN T cells were activated by the autoantigen H-Y. 

However, the pathophysiologic relevance of this finding with regard to morbidity or auto-
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immune disease is difficult to assess, since, in complete absence of CD18, autoimmunity can 

be suppressed due to inability of T cells to extravasate and enter target tissues (86, 280, 281). 
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Figure 31.  TCRαβ DN T cells from male CD18-/- H-YtransRAG2-/- mice can be activated by iCD3 
independently of CD28 and proliferate in response to IL-2 and IL-7. MACS-sorted TCRαβ DN T 
cells from male CD18-/- H-YtransRAG2-/- mice (n=2) (A) and total T cells (comprising also TCRαβ DN T cells) 
from CD18-/- mice (n=4) (B) were obtained from spleens, labeled with CFSE (5 µM) and cultured for 3 days 
with iCD3 alone (filled grey), with iCD3 plus CD28 mAb (black line), or without mAb (filled dark grey). 
Representative histograms show T cell proliferation as measured by CFSE dilution. (C-F) Representative histo-
grams of TCRαβ DN T cells from CD18-/- H-YtransRAG2-/- (n=4) (C, E) and CD18-/- TCR non-transgenic (n=5) 
(D, F) mice cultured with IL-2 (100 U/ml) (C, D) or IL-7 (150 ng/ml) (E, F) (black line) or without cytokines 
(filled grey) for 6 days are given and show CFSE dilution to assess proliferation of cells.  

 100



Tsvetelina Veleva-Oreshkova  Discussion 

4. DISCUSSION 
 

The immune system depends on dynamic trafficking of lymphocytes to the primary and 

secondary immune organs, which provide cellular interactions for the development of proper 

immune responses. Naïve, effector and memory lymphocytes recirculate in separate streams 

through lymphoid or non-lymphoid tissues by utilizing distinct codes of selectins, integrins 

and chemokine receptors as their unique recognition pattern with regard to their destination 

(42, 73, 270, 318). During tethering and rolling, as mediated by CD62L and α4 integrins (65, 

67, 77, 79, 319-321), chemokine signaling through CCL19/CCR7, CCL21/CCR7 and 

CXCL13/CXCR5 activates β2 integrins by increasing their affinity (75, 322) and avidity (22) 

(LFA-1) on naïve lymphocytes. LFA-1 was previously shown to have an important role in 

firm arrest and epithelial transmigration of naïve lymphocytes through HEV since blocking 

(18) or lack (4) impaired lymphocyte homing to pLN. 

We herein show that β2 integrins are essential for physiological lymphocyte recirculation and, 

if absent, result in aberrant T cell differentiation and trafficking of conventional and uncon-

ventional DN T cells, the latter sharing many properties with NKT cells and TCRγδ T cells. 

Particularly, the impaired recirculation of CD18-/- naïve B and T cell subsets to pLN may 

substantially contribute to the increased susceptibility for infection and tumor formation 

observed in CD18-/- mice (40, 285, 323) and LAD1 patients (31, 324). In fact, education and 

expansion of antigen-specific B and T cells mainly occurring in pLN are mandatory for the 

effective control of infections and tumors. Compared to its role in lymphocyte homing to 

pLN, CD18 is not essential for the recirculation through non-lymphoid organs like liver and 

lungs, as numbers of naïve CD18-/- lymphocytes were identical to those of WT lymphocytes 

in non-lymphoid organs. 

 

Deficiency in β2 integrins impairs lymphocyte recirculation and affects the phenotype and 

function of T cell subsets 
 

Our data reveals an impaired ability of naïve lymphocytes from CD18-/- mice to recirculate to 

pLN, which is exclusively due to the lack of CD18, as CD62L, CCR7 and CXCR5, known to 

be essential for recirculation of naïve lymphocytes to pLN (54, 270), are expressed at identi-

cal levels in CD18-/- and WT lymphocytes. Although severely impaired, we observed a re-

sidual homing of CD18-/- lymphocyte subsets into pLN which may most likely be attributed to 

the CD18-independent function of α4β1 integrins, as has been pointed out before (4). In fact, 

using blocking mAb against the α4 and/or β1 subunits in LFA-1-/- (CD11a-/-) mice resulted in 
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a complete suppression of homing of naïve B and T cells (4), while residual homing to pLN 

still occurred when no additional blocking was performed. 

Impaired recirculation of naïve B and T cells to pLN resulted in an anticipated decrease in 

size and cellularity of axLN and ingLN in CD18-/- mice. By contrast, unexpectedly, cLN from 

CD18-/- mice were 4-fold enlarged with an enormous increase in cellularity, which could be 

attributed mainly to an increase in B cells, NKT cells and unconventional TCRαβ and TCRγδ 

DN T cells. The increase in the B cell population may not be surprising as IL-6 responsible 

for the expansion of B cells is highly increased (285) and, more important, retention of B 

cells/plasma cells was earlier observed in cLN of CD18-/- mice (275). However, the occurence 

of DN T cells is particularly striking (86). The mechanisms underlying the massive increase 

and distinct distribution pattern of DN T cells in CD18-/- mice previously remained elusive 

and were herein addressed for the first time. 

Principally, the observed accumulation of DN T cell subsets in LN with a distinct anatomical 

and functional situation can be occurring due to different mechanisms: 1) an increased de 

novo production including an increased yield by de novo homing to this site, 2) an increased 

expansion by proliferation, 3) a reduced apoptosis, and 4) a disrupted egress; or any com-

bination thereof. Consequently, we set out to address these potential mechanisms in the here 

presented work. 

First, when one considers the proinflammatory environment prevailing in oral cavity-draining 

cLN in CD18-/- mice, such an environment may induce the local upregulation of additional 

adhesion-supporting molecules on HEV, hence rescuing migration to some extent even in LN 

of CD18-/- mice. The result would then be a selective ‘recruitment’ of DN T cells – or their 

precursors – into cLN. Acquisition of CD44 (81, 325, 326) and shedding of CD62L (63, 68, 

327, 328) are important events identifying distinct states of T cell activation, which are 

directly connected with their functional and migratory properties particularly regarding re-

circulation. During transition from the naïve to the antigen-experienced state, T cells replace 

the LN homing-medating CD62L by the rolling receptor CD44 (81, 82, 85, 329). This results 

in a change of the recirculation program from LN-directed trafficking of naïve T cells to 

trafficking of antigen-experienced T cells to inflammatory places (85) and to non-lymphoid 

organs (272). The usage of CD44 may further co-involve VLA-4 (83) or LFA-1 (86) for 

cellular transmigration suggesting a possible role of β2 integrins for recirculation of antigen-

experienced cells. Indeed, we found that most WT and CD18-/- DN T cells, TCRαβ as well as 

TCRγδ, reflected an antigen-experienced phenotype presenting CD44hi and variant but mostly 

decreased expression levels of CD62L. Furthermore, DN T cells also expressed CCR7, con-
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troling homing of naïve and central memory cells to pLN (42), but lacked CXCR5 suggesting 

no potential for locating them to B cell areas. But importantly, unlike central effector/memory 

T cells, all CD18-/- TCRαβ and TCRγδ DN T cells were unable to migrate into pLN of 

recipient WT mice, as we showed by adoptive PMC transfer experiments. Remarkably, this 

was also the case for those CD18-/- DN T cells that had a naïve phenotype, as well as for naïve 

CD18-/- SP T cells. Collectively, our data showed that the reason for the impaired homing of 

CD18-/- DN T cell subsets was merely their β2 integrin deficiency leading to a disrupted firm 

arrest, but not a deviant chemokine receptor or activation pattern. This fact was previously de-

scribed only for naïve and activated SP T cells in CD18-/- mice (86, 280). Besides their in-

crease in cLN, CD18-/- DN T cells showed a strong predilection for accumulation in the non-

lymphoid organs lungs and, more prominent, liver. Hence, in this regard, they behaved like 

CD18-competent effector/memory CD4+ and CD8+ T cells (272-274). But in opposite to the 

latter, CD18-/- CD4+ and CD8+ T subsets were not selectively sequestrated in liver and lungs 

since they were equally distributed in all organs investigated. Altogether, we could rule out 

the hypothesis that a selective recirculation of CD18-/- DN T cells or their precursors into cLN 

of CD18-/- mice had occurred. 

We next addressed the alternative hypothesis that unconventional DN T cells were increased 

due to a local expansion or accumulation in cLNs. In vivo experiments using BrdU labeling 

clearly showed a massive local expansion of unconventional DN T cells in cLN of CD18-/- 

mice. It was earlier excluded that CD18-/- DN T cells were neoplastically expanding cells 

because both TCRαβ and TCRγδ DN T cell subsets always occurred in parallel. In large num-

bers of mice studied up to now, TCRαβ and TCRγδ DN T cells never outgrew one another. 

Despite the considerable lymphadenopathy of cLN (40, 275), histopathological analyses of 

cLN from CD18-/- mice neither showed an infiltrating malignant growth of lymphoid cells 

(n>10) (275, 285) nor did CD18-/- mice succumb to leukemia or lymphoma (275, 285). Since 

results from adoptive transfer experiments showed that CD18-/- lymphocytes were defective in 

their homing to pLN, the possibility that BrdU-labeled CD18-/- T subsets found in the cLN 

were recently released thymocytes that had proliferated shortly before in the thymus and were 

then released from the thymus to home to the pLN could also be excluded.  

It thus seemed likely one major cause for the pronounced in situ proliferation of CD18-/- DN T 

cells (as well as of CD18-/- B cells) in cLN were the oral ulcers often observed in CD18-/- 

mice (40). These could enhance antigenic stimulation and inflammation in the draining cLN 

generating a cytokine environment which may then favor expansion of unconventional DN T 

cells. This gave rise to the question whether the expansion of CD18-/- TCRαβ and TCRγδ DN 
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T cells may, first, be due to the encounter of cognate antigen, or, second, occur as a proin-

flammatory bystander proliferation, or, third, rely on homeostatic proliferation influenced by 

other changes in local cytokine environment. Therefore, to investigate principle mechanisms 

of activation for CD18-/- unconventional DN T cells, which could explain their in situ expan-

sion in CD18-/- mice elucidating their properties in immune response, we performed classical 

T cell activation assays to assess activation and proliferation properties of these cells in vitro. 

Whereas stimulation with allogeneic BM-DC in an MLR is dependent on cell-cell adhesion 

mechanisms, polyclonal stimulation with iCD3 mAbs primarily acts independently of cellular 

adhesion. In addition, costimulation signals provided by APC are necessary to fully activate 

unprimed T cells (137). Similar to CD18-/- SP T cells, no proliferation of purified CD18-/- 

TCRαβ DN T cells was induced when cultured with allogeneic APC. These data clearly show 

that CD18 is required both for SP CD4+ or CD8+ T cells as well as for CD18-/- TCRαβ DN T 

cells to lower the threshold of T cell activation. Unfortunately, due to the high amount of WT 

DN T cells required for assessment in MLR, and the minor amounts of WT DN T cells which 

can be isolated from WT mice, we were not able to fully address the exact contribution of 

CD18 and costimulation through CD4 and CD8 in CD18-/- CD4+ or CD18-/- CD8+ T cells so 

far (40, 330). 

Given the discrepancy of CD18-/- TCRαβ DN T cells apparently pre-activated in CD18-/- mice 

in situ being unable to be stimulated to proliferate by professional APC in vitro, we addressed 

the question whether these cells may have activation mechanisms different from naïve or 

effector SP T cells, as observed for NKT (208) or TCRγδ T cells (174, 182). We therefore in-

vestigated dependence of these cells on CD28-mediated costimulatory signaling. The pre-acti-

vated state of memory and effector cells is a prerequisite for easier activation and a strong 

proliferative response attainable after signaling with iCD3 mAb alone (137, 140). In contrast, 

the same strong mitogenic stimuli could not induce cellular proliferation of naïve T cells with-

out costimulation provided by anti-CD28 and/or LFA-1 ligation (135). Consistently, we de-

tected more than 90% proliferating WT and 80% CD18-/- TCRαβ and TCRγδ DN T cells after 

culture with iCD3 mAb demonstrating a strong TCR-mediated responsiveness in earlier ex-

periments. This was unaffected by and independent of the signaling through CD28, strongly 

expressed by both WT and CD18-/- TCRαβ DN T cells, as costimulation via CD28 partic-

ularly did not augment the magnitude of the proliferative response in WT and CD18-/- αβ DN 

T cells with an equal proliferation induced by iCD3 mAbs alone vs. iCD3 and anti-CD28 

mAbs. 
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So far, variable expression and contradictory costimulatory role of CD28 for the activation of 

TCRγδ DN T cells were reported (193, 331-333). In the present study, CD18-/- uncon-

ventional T cells expressed CD28, although both TCRγδ and TCRαβ CD18-/- DN T cells 

showed a significantly lower intensity compared to WT TCRαβ DN and SP T cells. These 

results demonstrate that although showing CD28 receptor expression, WT and CD18-/- 

TCRαβ and TCRγδ DN T cells are independent of costimulation thus sharing analogous acti-

vation mechanisms that were described previously for TCRγδ DN T cells (333). Alternatively, 

other costimulatory molecules like NKG2d expressed on TCRγδ DN T cells as well as NK 

and CD8+ T cells (184, 198), which interact with stress-induced  MHC class I related mole-

cule MICA and MICB in humans (173, 174) and equivalent molecule Rae (184) in mice are 

reported to have a stimulatory role on some TCRγδ DN T cells. 

The ability to recognize unprocessed soluble antigen without the necessity of CD4 and CD8 

(182) or CD28 costimulatory signaling (333) but still in context of cell-cell interaction 

demonstrates that the activation threshold of CD18-/- TCRγδ DN T cells is not modulated by 

the same receptors required for conventional T cells. Similarly, also CD18-/- TCRαβ DN T 

cells vigorously proliferated upon iCD3 stimulation, although lacking CD4, CD8 and the 

necessity for CD28 costimulatory signaling, hence showing a similar pattern of response as 

TCRγδ DN T cells (333). These data suggest a less stringent requirement of DN T cells for 

cellular adhesion. In summary, TCRαβ and TCRγδ DN T cells from CD18-/- mice demonstra-

ted an identical antigen-experienced behavior showing similarities in their activation thresh-

olds and mechanisms largely controlled by signals from the TCR and distinctly differing from 

naïve CD18-/- CD4+ and CD8+ T cells. Since some reports suggest TCRαβ DN T cells may 

keep their δ locus and sometimes co-expressing TCRγδ (115), or share similar gene express-

ion profiles with TCRγδ T cells (334), it is likely that some subsets of unconventional TCRαβ 

DN T cells may adopt functional capacities very similar to TCRγδ T cells. 

Interestingly, unconventional CD18-competent T cells, which have restricted TCR repertoires 

and are considered evolutionary more ancient (335), recognize phylogenetically conserved 

antigen with higher affinity in the absence of accessory molecules. This implies that they re-

cognize high-density non-protein ligands (176). Recognition of low-density protein antigen 

necessitates the participation of coreceptors, costimulatory and adhesion molecules all of 

them modulating the TCR mediated signaling in order to finely tune the outcome (excessive 

versus lack) of immune response. Similarly, antigen experienced CD18-/- αβ DN T cells, 

which most likely constitute an expanded subset of unconventional T cells, recognizing high 

density ligands, were able to be activated independently of coreceptors and CD18 molecules.  
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Stimulated by allogeneic BM-DC, both TCRαβ and TCRγδ DN T cells in absence of CD18 

did not proliferate and stayed quiescent. This was in line with the proliferative iresponsive-

ness of CD18-/- DN T cells in MLR and PMA/ionomycin. Furthermore, CD18-/- DN T cells 

did not produce any cytokine characterizing Th1 or Th2 profiling of these T subsets. How-

ever, others studies have shown that DN T cells from CD18-/- mice were able to produce Th17 

cytokines, IL-17 and IL-23, in vivo and by this way regulated granulocyte homeostasis (293). 

Our findings collectively demonstrate that unconventional DN T cells from CD18-/- mice 

display an antigen-experienced phenotype and accumulate by in situ proliferation in vivo, 

with IL-2 but not PMA/ionomycin or allogeneic BM-DC/ConA being a key mitogenic 

stimulus for a sustained in vitro expansion. 

Apart from antigen-driven proliferation, lymphocytes can also expand independently of cog-

nate antigen. Such an antigen-independent proliferation occurs during lymphocyte homeo-

stasis, a process in which maintenance of peripheral lymphocyte numbers within constant 

ranges is controlled by survival, proliferation and apoptosis in lymphocyte-competent and 

lymphopenic environments. In acute lymphopenia lymphocytes proliferate without cognate 

antigen stimulation due to presence of growth factors of unsaturated niches (94). Accordingly, 

in the present study, all lymphocyte subsets from WT and CD18-/- transferred in lymphopenic 

RAG2-/- mice expanded extensively with only B and CD4+ T cells showing slower prolife-

ration rates. Unexpectedly, CD18-/- CD4+ T cells revealed a decreased proliferation in a dose-

dependent fashion with higher numbers of cotransferred CD18-/- TCRαβ DN T cells corre-

sponding to a decrease in CD4+ T cell expansion. These results suggest either a competition 

for growth factors between these two subsets or an active cross-regulation among the two T 

cell subsets. However, a similar effect was not observed in in vitro cocultures of these cells. 

Key mechanisms known to regulate T cell development, maturation, survival and prolife-

ration in a soluble, adhesion-independent – and often also antigen-independent – fashion are 

the common γ chain cytokines IL-2, IL-7 and IL-15. IL-2 is a key growth factor of antigen-ex-

perienced T cells, while IL-7 and IL-15 differentially participate in homeostatic proliferation 

of naïve and memory CD8+ T cells without the necessity of recognizing a cognate antigen 

(91, 94, 95, 336). In accordance to previous reports (139, 140), only a small fraction of WT 

and CD18-/- SP T cells proliferated upon stimulation with IL-2 in vitro, probably being  

antigen-experienced or pre-activated T cells. As expected, freshly prepared SP T cells from 

both genotypes, which had not been previously stimulated by mitogens, did not respond to 

IL-7 in vitro (304), although 30% of CD4+ and 60% of CD8+ T cells expressed the IL-7Rα 

chain. Moreover, IL-15 was stimulatory only for a part of CD8+ T cells, likely representing 
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the pool of memory CD8+ T cells (90, 93). Comparing the effect of IL-2, IL-7 and IL-15 on 

SP T cells from WT and CD18-/- mice showed that lack of β2 integrins had no modulating 

effect on the proliferative response of SP T cells. 

Regarding unconventional T cells, the identical γc cytokines have a more pleiotropic effect on 

their biology, as compared to SP T cells. For example, IL-15 regulates homeostatic prolifera-

tion of NKT cells (306), whereas IL-2, IL-7 and IL-15 may all potently stimulate the proli-

feration of antigen-experienced TCRγδ DN T cells (100, 101, 103). In this study, TCRγδ DN 

T cells from both genotypes demonstrated proliferative sensitivity to all investigated cyto-

kines, IL-2, IL-7 and IL-15, which was also in accordance with their activation phenotype. In 

addition, a potentiated proliferation observed by a combined stimulation with IL-7 and the 

proinflammatory cytokine IL-1 (104) strongly suggests that the elevated levels of proin-

flammatory cytokine IL-6 found in CD18-/- mice (285) in combination with homeostatic cyto-

kines may markedly contribute to the elevated expansion of TCRγδ DN T cells in CD18-/- 

mice. Interestingly, TCRαβ DN T cells from CD18-/- mice showed an analogous cytokine 

sensitivity to IL-2, IL-7 and IL-15 sharing fundamental proliferative properties with TCRγδ 

DN T cells (100, 101, 103), NKT (217, 306) as well as with effector CD4+ and CD8+ T cells 

(139). But surprisingly, when NK1.1-depleted CD18-/- TCRαβ DN T cells were cultured with 

IL-15 in vitro for 9 days, these cultures contained a substantial fraction of NK1.1+ prolifera-

ting cells suggesting two equally plausible scenarios. First, the expanded NK1.1+ TCRαβ DN 

T cells from CD18-/- mice reflected an NKT subset, which upregulated NK1.1 expression 

after culture with IL-15, identically to the previously shown upregulation of NK1.1 on CD8+ 

NKT cells after culturing with IL-2 or IL-15 (308). In the second possible scenario, CD18-/- 

TCRαβ DN T cells indeed remained NK1.1- after culture with IL-2, whereas a small number 

of not sufficiently depleted, contaminating NK1.1+ NKT cells proliferated and expanded high-

ly in response to IL-15 (306, 307). Interestingly, although responding to IL-15, one part of 

CD18-/- TCRαβ DN T cells remained NK1.1- suggesting a sensitivity to this cytokine which 

was probably activation-dependent. In vivo, the changes in the cytokine environment found in 

CD18-/- mice (285) may lead to the here observed expansion of TCRαβ and TCRγδ DN T 

cells with an antigen-experienced phenotype; the latter of which may either be 1) a truly 

antigen-specific phenotype resulting from an encounter with a cognate antigen or 2) an ‘anti-

gen experienced-like’ phenotype known to occur due to homeostatic proliferation (94). 

Collectively, DN T cell subsets from CD18-/- mice were highly responsive to homeostatic key 

cytokines, unraveling mechanisms that support our findings of a homeostatic expansion in 

lymphopenic settings, one being RAG-2-/- mice, the other, with only a mild peripheral lym-
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phopenia, being CD18-/- mice. Consequently, besides the proinflammatory environment, 

along with a potentially existing, ongoing antigenic stimulation in the periphery of CD18-/- 

mice, it currently cannot be excluded that homeostatic proliferation also contributes to, or 

even drives, the accumulation and/or differentiation of DN T cell subsets in CD18-/- mice. 

Besides from a proliferative expansion driven by the above mentioned mechanisms, uncon-

ventional DN T cells may also accumulate due to retention within the cLN. This may be 

causally related to the lack of CD18 hampering an active egress of these cells from cLN 

(275). But as absence of CD18 on leukocytes is also expected to affect the transmigration 

through HEV of axLN and ingLN in an identical fashion, and unconventional DN T cells 

were exclusively found in cLN, an impaired release from the LN due to CD18 deficiency 

cannot be the only cause for the selective increase in DN T cells in the cLN. However, it may 

further contribute in conjunction with an enhanced local expansion. Particularly, when one 

considers the proinflammatory environment prevailing in oral cavity-draining cLN in CD18-/- 

mice, such an environment may induce the upregulation of additional adhesion-supporting 

molecules. However, this could help rescuing migration to some extent as well as it converse-

ly could drive accumulation by an increased adhesive retention of DN T cells in cLN possibly 

further enhanced by in situ proliferation of these cells in cLN. 

In conclusion, our data strongly indicates that the increase in unconventional DN T cells 

occurs due to a reactive expansion in cLN of CD18-/- mice. First, BrdU experiments indicated 

an extensive in situ expansion of unconventional DN T cells in cLN. Second, CD18-/- DN T 

cells were highly sensitive to IL-2-induced proliferation, showing features of antigen-expe-

rienced lymphocytes. Third, an expansion of DN T cells by homeostatic mechanisms may 

further contribute to an increase in these cells. Fourth, our preliminary data revealed no alter-

ations or delay in apoptosis of CD18-/- DN T cells. Fifth, adoptive lymphocyte transfer experi-

ments did not support a potential accumulation due to an increased homing of CD18-/- DN T 

cells to cLNs, as e.g. could have been mediated by alternative adhesion molecules (4, 18, 68, 

85). However, we currently cannot exclude that CD18 deficiency may additionally contribute 

to the retention of unconventional DN T cells in cLN as was shown for plasma cells, pre-

viously (275). 
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DN T cells from CD18-/- mice are thymus-derived and share features with adaptive as well 

as innate immune cells  
 

The observed increase in unconventional TCRαβ and TCRγδ DN T cells was most prominent 

in the secondary immune organs of CD18-/- mice. These cells were activated, proliferated 

strongly, responded to IL-2, and recirculated to non-lymphoid organs, hence showing features 

of antigen-experienced cells. The occurrence of TCRαβ DN T cells was earlier described in 

several models (260). They are either thymic descendants as demonstrated in T cell transgenic 

models or evolve in the periphery from autoreactive conventional T cells that down-regulate 

their coreceptors, e.g. in lpr and gld mouse models (254, 255). Lpr and gld models carry 

mutations affecting apoptosis signaling pathways (CD95 and CD95L) leading to development 

of lymphoproliferative syndromes with accumulation of TCRαβ DN T cells with regulatory 

function (163, 164). In this study a spontaneous accumulation of TCRαβ DN T cells in the 

periphery of CD18-/- mice was observed. Importantly, analysis of TCRαβ DN T cells from 

CD18-/- mice showed a distinct B220- phenotype along with marked and repetitive prolifera-

tive responses to polyclonal activation by anti-CD3 mAb. This clearly contrasted DN T cells 

from lpr and gld mice, which were B220+ and distinctly refractory (anergic) after anti-CD3 

mAb stimulation (254, 259, 260). In the underlying work, we could largely exclude that DN T 

cells from CD18-/- mice are phenotypically or functionally related to anergic B220+ DN T 

cells found in lpr or gld mice. 

Typically, cells in anergy suppress the proliferation of other autoreactive cells thus main-

taining peripheral tolerance in vivo (150, 155) and their state of proliferative irresponsiveness 

can be reverted by supplementation with exogenous IL-2 (135, 153). Although TCRαβ DN T 

cells from CD18-/- mice proliferated in response to exogenous IL-2, they were not anergic as 

they also proliferated when stimulated with iCD3 mAb alone. Nevertheless, an investigation 

was performed whether CD18-/- TCRαβ DN T cells can have a suppressive effect on poly-

clonally activated WT responder cells in vitro. But no suppressive function of CD18-/- TCRαβ 

DN T cells on the proliferation of polyclonally activated CD4+ and CD8+ T cells could be 

found. A most likely explanation for that may be the complete lack of CD18 expression on 

TCRαβ DN T cells, severely compromising the adhesion and signaling thresholds for acti-

vation of interacting cells. Moreover, using typical markers for natural Tregs, such as Foxp3 

expression and TGF-β production (161, 290), decisively excluded that CD18-/- TCRαβ DN T 

cells were aberrant natural Treg cells. Furthermore, a majority of these cells also expressed 

high levels of CD127 (IL-7Rα) which is a typical characteristic of memory and certain 
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effector cells (64, 337-339) but its expression excludes Treg cells (339, 340). However, when 

CD18-/- TCRαβ DN T cells were cotransferred with CD18-/- CD4+ T cells into lymphopenic 

RAG2-/- recipients in vivo, this resulted in a a dose-dependent decrease in proliferation of 

CD18-/- CD4+ T cells, which came somewhat unexpected after our in vitro findings of absent 

regulatory functions of DN T cells. Although such apparently controversial and inconsistent 

observations for regulatory functions of regulatory T cells have been made before (341), our 

in vivo results may rather be due to a competition for growth factors between these two T cell 

subsets with a more stringent or higher-level cytokine requirement of CD4+ T cells.  

A preferential recirculation to non-lymphoid organs along with the high responsiveness upon 

IL-2, intermediate TCR expression levels and the CD44hi CD62Llo expression of TCRαβ DN 

T cells support the view that CD18-/- TCRαβ DN T cells may share properties with NKT 

cells. Interestingly, apart from BM, spleen and thymus, type I (classical) and type II (non-

classical) NKT cells are most abundantly found in the liver (211, 223), whereas they rarely 

reside in pLN (219). Lack of NK1.1 expression on CD18-/- TCRαβ DN T cells suggested a 

similarity with the NK1.1- differentiation state of NKT cells occurring during activation (217) 

or the immature phase of their development (177, 208, 212). In order to further study whether 

CD18-/- TCRαβ DN T cells were aberrantly accumulating type I NKT cells, we performed 

stainings with CD1d/αGalCer+ dimers. CD18-/- TCRαβ DN T cells from cLN did not reveal 

any reactivity with the CD1d/αGalCer+ dimer. Even though these data excluded that CD18-/- 

TCRαβ DN T cells were type I NKT cells, it is most likely that these cells were CD1d/ 

αGalCer non-restricted NKT cells. In fact, TCR of type II NKT cells are characterized by a 

high diversity and a yet unknown type of activating antigens (203, 212). Alternatively, 

according to some reports, type II NKT cells are CD1d-restricted but non-reactive to αGalCer 

(213). An alternative possibility would be that, although carrying some typical traits of NKT 

cells, CD18-/- TCRαβ DN T cells form a unique population of unconventional T cells. The 

existence of highly conserved canonical TCRαβ DN T cells selected in a β2 microglobulin-

dependent manner but independently of MHC I, TAP and CD1d was reported in humans, 

mice and cattle. Importantly, these cells are only present at low numbers in LN of mice, and 

show a memory phenotype in humans (176). In either case, CD18-/- TCRαβ DN T cells most 

likely stand in line with TCRγδ DN T cells (43) and classical NKT cells (221) hence 

constituting a distinct part of innate immunity. Since unconventional T cells possess a 

restricted TCR repertoire selected upon autoantigens and are able to recognize evolutionary 

conserved ligands, they are endowed with a unique role of linking innate and adaptive 

immunity (43, 221). Collectively, although sharing some features characteristic of NKT and 
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TCRγδ T cells, we showed DN T cells from CD18-/- mice were neither type I NKT cells nor 

could be primed via classical MHC molecules. But they were activated to proliferate without 

rigid requirements for costimulation, similar to antigen-experienced SP or TCRγδ T cells. It 

remains to be seen whether CD18-/- TCRαβ DN T cells may belong to the relatively novel 

subset of type II NKT cells. 

Furthermore, in this work, the place of origin of TCRαβ and TCRγδ DN T subsets in CD18-/- 

mice was addressed. According to the principal conception, the majority of T subsets have a 

thymic origin, but an extrathymic origin for distinct T cell subsets has also been reported 

(167, 168, 170). Interestingly, expressing a TCR complex suggested that CD18-/- TCRαβ DN 

T cells were not early DN1 (CD44+CD25-) progenitors derived from thymus, since DN1 thy-

mocytes are characterized by a yet unarranged β chain locus (107, 113). Nevertheless, the fact 

that TCRαβ and TCRγδ DN T cells with characteristics similar to those in the periphery were 

found in thymi of 4 weeks old CD18-/- mice strongly suggested that these cells originate from 

thymus. Moreover, further evidence supporting this hypothesis comes from the finding that 

the percentages of TCRαβ and TCRγδ DN T cells do not substantially increase 11 weeks after 

CD18-/- BM transplantation in athymic mice. To finally verify the hypothesis of an extra-

thymic origin of TCRαβ and TCRγδ DN T cells, it may be necessary to introduce the CD18 

mutation into nude mice. It could then be analyzed whether TCRαβ and TCRγδ DN T cells 

would be present in the periphery of such a genetically clearly defined mouse model. 

Autoreactive TCRαβ DN T cells with controversial functional properties were found in the 

periphery of different TCR transgenic models (162, 265). Such TCRαβ DN T cells may 

display an activation/memory state being functionally anergic and suppressing proliferation of 

CD4+ (156) and CD8+ (162) T cells. Conversely, they can be naïve, but IL-2-responsive and 

devoid of regulatory function (265). Interestingly, also TCRαβ DN T cells matured and de-

veloped in CD18+/+ H-YtransRAG2-/- male mice (Marilyn mice) and were present at signifi-

cantly higher percentages in CD18-/- H-YtransRAG2-/- male mice. The fact that transgenic auto-

specific TCRαβ DN T cells were found in the periphery of Marilyn male mice indicates that 

the absence of CD4 and CD8 co-receptors may support escape from negative selection in 

thymi of RAG2-/- mice (265). Alternatively, TCRαβ DN T cells might appear from a diver-

gent path of intrathymic maturation, similarly as it has been shown for NKT cells which ori-

ginate by deflecting from conventional intrathymic CD4+CD8+ DP thymocytes (177, 206-208, 

212). Positively selected by recognition of self-antigens (173, 177, 178), unconventional NKT 

cells are distinguished by responding to endogenous lysosomal sphingolipids (172, 207), and 

TCRγδ DN T cells by recognizing stress-released heat shock proteins (173, 178). This highly 
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suggests that unconventional TCRαβ DN T cells from CD18-/- mice may also arise as a result 

of selection on autoantigens. 

Lack of β2 integrins expression did not markedly affect the selection process of SP CD4+ T 

cells in male H-YtransRAG2-/- mice, as no pronounced leakage of transgenic CD4+ T cells was 

observed in the blood of these mice. According to the current data, it still remains unclear 

whether CD18 deficiency affects early stages of maturation of conventional T cells, or 

whether CD18 deficiency leads to the generation of a unique T cell subset giving rise to 

TCRαβ DN T cells. Taking into consideration that some TCRαβ DN T cells from TCR non-

transgenic CD18-/- mice also possessed Vβ6 chains, this strongly suggests TCRαβ DN T cells 

represent a subset with a TCR variability broader than that of unconventional T cells 

previously known in WT (CD18-competent) mice. However, maintaining a high TCR hetero-

geneity does not exclude that TCRαβ DN T cells may be autoreactive, since maturation and 

survival of autoreactive TCRαβ DN T cells was also observed in CD18-/- HYtransRAG2-/- 

mice. Similar to CD18-/- mice, TCRαβ DN T cells from CD18-/- Marilyn mice presented an 

activation (-like) phenotype probably due to thymic selection (172) or activation in the peri-

phery. Furthermore, the possibility exists that the lymphopenic environment in RAG2-/- male 

mice additionally promoted TCRαβ DN T cells to proliferate and expand homeostatically. 

 

Conclusion 
 

This study shows that absence of CD18 prevents naïve T cells from locating to pLN where T 

cells normally encounter APCs, and effective APCs-T cell interaction is required for the 

development of immune responses. Relative unresponsiveness of the adaptive immunity in 

absence of CD18 (28, 40, 324) is paralleled by a concomitant increase of antigen-experienced 

(-like) TCRαβ DN T cells. This increase is due to a sustained in situ expansion of these cells 

in vivo rather than by a selective recirculation or decrease in apoptosis. Interestingly, TCRαβ 

DN T cells largely share 1) phenotypic and migratory similarities with NKT and effector 

CD4+ and CD8+ T cells as well as 2) activation mechanisms and γc cytokine responsiveness 

with TCRγδ cells. All this characteristics place them at the crossroad between innate and 

adaptive immunity (43, 221). Although not suppressive in vitro, CD18-/- TCRαβ DN T cells 

may not yet be prejudiced as non-regulatory in vivo potentially sharing control mechanisms of 

innate immune cells with NKT and TCRγδ T cells in the generation and modification of 

adaptive immune responses. 
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We propose that, alternatively, CD18-/- TCRαβ DN T cells may be antigen-experienced 

lymphocytes with less stringent requirements for cell activation partly rescuing/replacing im-

paired adaptive immunity in CD18-/- mice. Spontaneously accumulating in both the CD18-/- 

and CD18-/- H-YtransRAG2-/- mouse model, TCRαβ DN T cells are suitable to investigate the 

relationship between CD18 expression and their development and function. Collectively, β2 

integrins serve to maintain physiological levels of lymphocyte subsets in the periphery. An 

impaired recirculation of CD18-/- naïve B and T subsets to pLNs may hence contribute to the 

increased susceptibility for infection and autoimmunity observed in CD18-/- mice as well as 

LAD1 patients.  
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5. PERSPECTIVES 
 

Beta2 integrins play an essential auxiliary role for the development of adaptive immune re-

sponses, first, by regulating the arrest and adhesion of naïve lymphocytes in homing to 

secondary immune organs and, second, by participating in lymphocyte activation during syn-

apse formation in contact with APC. In this respect, the LFA-1-/- and CD18-/- mouse models, 

both resembling distinct subsets of human LAD1, can be employed to investigate the im-

paired development of innate and adaptive immunity and, importantly, help to advance new 

strategies rescuing immune defence of human patients suffering from inherited immuno-

deficiency syndromes. 

Both LFA-1-/- and CD18-/- lymphocytes are involved in substantially impaired (40) and tem-

porally delayed (7) immune response towards allogeneic MHC stimuli, but reveal a preserved 

immunity of cytotoxic CD8 T cells against high density antigens such as derived from LCMV 

(28, 30). Collectively, these results suggest that at functional or structural deficiency of β2 

integrins, adaptive immunity is critically impaired responding in a slower and less effective 

fashion. Particularly, β2 integrins are essential to enhance and rescue suboptimal activation 

conditions thus explaining defects in wound healing and recovery from bacterial infections 

described in LAD1 patients. 

The exclusive presence of TCRαβ and TCRγδ DN T cells in the CD18-/- but not LFA-1-/- 

model allows studying the importance of these cells for the development of immune respon-

ses. Revealing an antigen-experienced phenotype, TCRαβ and TCRγδ DN T cells, independ-

ently of a WT or CD18-/- genotype, showed a similar bahavior to activation and upon cyto-

kines suggesting a distinct effector function in vivo. Future investigations may further reveal 

exact functions of the herein characterized TCRαβ and TCRγδ DN T cell subsets from CD18-

/- mice, which obviously do rely less stringently on cellular contacts for activation and are 

very sensitive to homeostatic and activation related cytokines like IL-2, IL-7 and IL-15. 

Furthermore, defining the functional properties of TCRαβ and TCRγδ DN T cells and the 

stage of their interaction with lymphocytes from innate and acquired immunity may help 

utilizing them as target subsets less dependent on cell adhesion for development of new 

vaccine strategies for patients with innate or acquired immunodeficiencies like LAD1 and 

AIDS replacing the functional deficiency of conventional lymphocytes. 

Therefore, to investigate principle mechanisms of activation for CD18-/- unconventional DN T 

cells, which could explain their in situ expansion in CD18-/- mice elucidating their properties 
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in immune response, we performed classical T cell activation assays to assess activation and 

proliferation of these cells in vitro. 

The function of TCRαβ and TCRγδ DN T cells in WT mice is related to important roles for 

protection against bacterial infections, compromised immune tolerance and induction of auto-

immunity, which may also be characteristic for DN T cells derived from CD18-/- mice. 

Besides, TCRαβ DN T cells from WT mice are shown to have an important regulatory role in 

improving allograft survival by inducing tolerance after initial stages of preconditioning. Cur-

rently, BM transplantation constitutes the major treatement for patients with severe forms of 

LAD1 (342, 343). In this respect it would be intriguing to investigate whether LAD1 patients 

also present with increased numbers of TCRαβ DN T cells and, if this is the case, whether 

they can also contribute to a better allograft survival and prevention of GVHD despite their 

reduced expression of CD18 receptors. 

Showing an unrestricted recirculation pattern through secondary immune organs, CD18-/- 

TCRαβ DN T cells may not require priming in pLN, similarly to cell subsets of innate im-

munity such as macrophages, granulocytes (344) and NK cells (345). They may either reside 

in non-lymphoid tissues or directly enter sites of inflammation for fulfilling their effector 

function. Therefore, it might be of critical importance investigating the role of TCRαβ DN T 

cells as participants or regulators of innate imunity or adaptive immunity. In addition, elu-

cidating the relationship between β2 integrins deficiency and the mechanisms controling 

TCRαβ and TCRγδ DN T cells development and accumulation in the periphery may have 

crucial physiological importance, especially for the development of alternative protection in 

patients with impaired CD4+ and CD8+ T cell function occurring in innate or acquired im-

munodeficiency syndroms. 
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7. SUMMARY 
 

Exclusively expressed on leukocytes, β2 integrins (CD11/CD18) are specifically involved in 

leukocyte function. Using a CD18-deficient (CD18-/-) mouse model, we here report on their 

physiological role in lymphocyte differentiation and recirculation. CD18-/- mice present with a 

defect in distribution of lymphocytes resulting in highly reduced numbers of naïve B and T 

lymphocytes in some, but nor all peripheral lymph nodes (pLN). In contrast to the hypo-

cellularity found in axillary and inguinal LN, cervical LN (cLN) were 4-fold enlarged and 

harbored significantly elevated numbers of unconventional TCRαβ or TCRγδ DN T cells. 

Performing adoptive transfer experiments, we excluded that CD18-/- lymphocyte subsets were 

increased in cLN of CD18-/- mice due to a selective homing to pLN. In fact, we could show 

that CD18-/- T cell subsets were highly impaired in their ability to home to all pLN even in 

WT recipients. To address the hypothesis that unconventional DN T cells were increased due 

to a local expansion or accumulation in cLNs, in vivo experiments using BrdU labeling were 

done. These showed a massive local expansion of unconventional DN T cells in cLN of 

CD18-/- mice. 

Remarkably, in line with their strong in situ expansion, the unconventional CD18-/- TCRαβ 

and TCRγδ DN T cells expressed activation markers (CD44hi CD62Llo) and selectively 

recirculated through non-lymphoid organs closely resembling antigen-experienced SP T cells 

and NKT cells. Although CD18-/- TCRαβ T cells indeed revealed general phenotypical 

characteristics of immature or activated type I NKT cells, further investigation ruled out that 

TCRαβ DN T cells from CD18-/- mice were expanded type I NKT cells, as they lacked re-

activity for CD1d/α-GalCer. Nevertheless, the possibility that TCRαβ DN T cells in CD18-/- 

mice may be type II or other rare subset from NKT cells can currently not been excluded. 

In accordance to their antigen-experienced phenotype, CD18-/- TCRαβ DN T cells readily 

proliferated in response to IL-2, IL-7 and IL-15 common γ chain cytokines, known to differ-

entially contribute to homeostasis-related lymphocyte proliferation as well as to the expansion 

of activated NKT subsets. With regard to responsiveness upon these common γ chain cyto-

kines, also CD18-/- TCRγδ DN T cells proliferated suggesting a link between maturation and 

function of TCRαβ and TCRγδ DN T cells in CD18-/- mice. Deviant from conventional CD4+ 

and CD8+ T cells, CD18-/- TCRαβ and TCRγδ DN T cells demonstrated a vigorous expansion 

either due to homeostatic or antigen-induced proliferation. In accordance with the conception 

that CD18-/- TCRαβ DN T cells are rather expanding effector cells, we also demonstrated a 

lack of regulatory function on proliferating WT CD4+ or CD8+ T cell in vitro. 
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To investigate principle mechanisms of activation for CD18-/- TCRαβ DN T cells, which 

could explain their antigen-experienced phenotype and in situ expansion elucidating their 

properties in immune response, we performed classical T cell activation assays to assess 

activation and proliferation of these cells in vitro. As a result, CD18-/- TCRαβ DN T cells 

could be distinguished from conventional CD4+ and CD8+ T cells, at the same time, revealing 

close similarities to unconventional T cells. Notably, although expressing CD28, a costimu-

lation through this receptor led to no enhancement of the proliferative response of TCRαβ and 

TCRγδ DN T cells in addition to polyclonal anti-CD3 mAb signaling. This result shows that 

possibly other activation molecules may be involved in the activation of CD18-/- TCRαβ DN 

T cells like NKG2d receptors on TCRγδ DN T cells recognizing stress-induced MHC I-like 

molecules on tumor or virally infected cells. Additionally, proliferative quiescence after 

interaction with allogeneic MHC in MLR was accompanied by a lack of induction of any Th1 

or Th2 cytokine secretion. Accordingly, analyses for IL-4 and IFN-γ secretion after short-term 

TCR stimulation may further help elucidating the hypothesis that CD18-/- TCRαβ DN T cells 

presumably share functional properties with NKT and TCRγδ DN T cells in innate immunity 

in the future. 

Unambiguously, the present study suggests a thymic origin of TCRαβ and TCRγδ DN T cells 

in CD18-/- mice. Survival and release of autoreactive TCRαβ DN T cells in the periphery may 

be a result of alternative selection processe like the maturation of DN NKT cells developing 

from CD4+CD8+ DP thymocytes in WT mice. However it would also be possible that TCRαβ 

DN T cells, similarly to TCRγδ DN T cells, may leave the thymus at the stage of DN thymo-

cytes and, unlike SP T cells, never pass a DP phase and subsequent selection processes. At 

present, there is no clear indication that the observed accumulation of CD18-/- DN T cells in 

the periphery is a result from an elevated thymic output, as lacking CD18, DN T cells like 

other CD18-/- T cells, are excluded from homing to pLN. Our data more likely suggests that 

CD18-/- DN T cells accumulate due to antigen or homeostatically driven proliferation in the 

periphery, likely to be mediated or amplified by a cytokine imbalance. 

Our observations uncover the possibility that CD18-/- TCRαβ DN T cells, like NKT and 

TCRγδ T cells, carry operational characteristics of innate immune cells, and accumulate as a 

compensatory mechanism to a previously described functional defect of adaptive immunity in 

CD18-/- mice. 
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