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The immune system has evolved to protect vertebrates against pathogenic micro-organisms, such 

as viruses, bacteria and parasites. The immune system can execute protection by immediate, 

innate and by adaptive, antigen-specific defence mechanisms. The antigen-specific immune 

response involves T-cells that originate from precursor cells residing in the bone marrow. To 

participate in an immune response against pathogens, T-cells must encounter antigen and are 

thereby induced to proliferate and differentiate into effector T-cells capable to initiate the 

removal of the antigen.  

Each T-cell expresses a unique T-cell receptor (TCR), which is a transmembrane protein that 

enables recognition of foreign antigen when presented as peptides (small pieces of protein) in the 

groove of molecules encoded by the major histocompatibility complex (MHC). MHC molecules 

are expressed on the surface of antigen presenting cells (APC) that screen the body for the 

presence of invading pathogens. Upon encounter of a pathogen, APCs take up the pathogen and 

process their proteins into peptides that can then be presented on MHC to T-cells. Only those T-

cells that bear a TCR specific for such a pathogen-derived peptide in the context of MHC can 

mature and initiate an immune response against the pathogens as effector T-cells. Overall, 

peptides from pathogens that multiply intracellular are presented on the cell surface of MHC 

class I molecules and presented to cytotoxic T-cells expressing the co-receptor CD8. Peptide 

antigens derived from ingested, extracellular pathogens are carried to the cell surface of MHC 

class II molecules and presented to T-cells expressing the co-receptor CD4. 

To avoid self-attack and autoimmunity, it is of vital importance that an immune response is 

initiated only to peptides derived from pathogens but not to peptides derived from self-materials. 

Therefore a functional immune system requires the selection of T-lymphocytes expressing T-cell 

receptors (TCR) that are major histocompatibility complex (MHC) restricted but tolerant to self-

antigens. This is ensured by T-cell selection in the thymus. Two selective events based on TCR 

recognition of peptide-MHC namely positive and negative selection occur in the thymus 

(reviewed by 1-4). Positive selection results in the survival of only those thymocytes whose TCR 

interacts with self-MHC since T-cells that cannot recognize the individual’s own MHC 

molecules could not mount an immune response against any antigen in the periphery. Thus, 

positive selection results in a repertoire of T-cells that are capable to respond to foreign antigenic 

peptides when bound on self-MHC. 

Furthermore, thymocytes that bind too strongly to self antigens are deleted during negative 

selection. Negative selection is required to ensure that no self-reactive T-cells can mature and 

leave the thymus therewith avoiding self-attack or autoimmunity. Thus, positive and negative 
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selection establish a diverse T-cell repertoire with the capacity to react to foreign antigen but 

being self-tolerant. 

In fact only a small fraction of cells (<5%) survive T-cell selection 5,6 and will leave the thymus 

to enter the periphery where they circulate from the bloodstream to the lymphoid tissues and 

back to the blood until they encounter foreign antigen. Only those T-cells that express a TCR 

that can recognize the foreign peptide presented on the MHC of an antigen presenting cell (APC) 

and receive appropriate co-stimulation by the APC will be activated to proliferate and initiate an 

immune response against the pathogen. 

 

Intrathymic differentiation of T-lymphocytes 

The thymus is the primary site of T cell differentiation. It is a lymphoepithelial organ that 

consists of numerous lobules that are clearly differentiated into a cortical-outer and medullary-

inner region. A network of thymic epithelial cells also designated thymic stroma provides a 

unique microenvironment necessary for the development of T-cells. Thymocytes in all stages of 

T-cell development can be found embedded in the stroma of the thymus. 

Precursors of T-lymphocytes colonize the thymus at an immature stage. The development of T-

cell precursors into mature T-cells in the thymus is marked by temporally coordinated expression 

of cell surface molecules including among others the TCR/CD3 complex, CD4 and CD8 7. T-cell 

precursors neither express the T-cell receptor (TCR) nor CD4 or CD8. The differentiation of 

these precursor cells comprises several stages of maturation (Figure 1). One important event is 

that thymocytes rearrange T-cell receptor genes generating an extremely diverse repertoire of T-

cells each expressing a unique TCR 8. 

The mature TCR is made up of two subunits either α and β or γ and δ. However, after 

rearrangement the great majority of thymocytes (80-95 %) express the αβ TCR. Also most 

knowledge on development, selection and function of T-cells is based on studies on TCR α/β+ T-

cells. The role of TCR γ/δ T-cells in the immune response has remained more elusive. The 

precise details of the γδ/αβ decision are not well understood but it is generally accepted that 

signals that emanate from a correctly assembled receptor are required for further survival and 

differentiation along the appropriate lineage 9. For γδ-T-cells this is the γ/δ/CD3 complex, for 

αβ-T-cells it is a complex composed of CD3, TCRβ, and the invariant pre-TCR-α chain. The 

assembly and expression on the cell surface of a functional β/pre-TCR-α complex induces 

expression of CD4 and CD8, which results in CD4+CD8+ double positive (DP) thymocytes and 
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their proliferation followed by rearrangement of the TCR α locus. Thus a distinct TCR is 

generated on every thymocyte. 

 

 
Fig. 1. Thymocytes in distinct stages of T-cell development are found in defined locations in the thymus. The 

subcapsular region of the thymus contains early thymocyte progenitors that are CD4-/CD8- double negative. Upon 

successful expression of the β/pre-TCR-α, proliferation is induced along with the expression of the co-receptors 

CD4 and CD8 to become DP thymocytes. This is followed by rearrangement of the TCR-α locus. The rescue of DP 

thymocytes in positive selection with self-MHC-restricted TCR is accompanied by lineage decision resulting in 

single positive thymocytes, which are either deleted or allowed to eventually leave the thymus via blood and lymph. 

Only a minority of thymocytes is exported from the thymus. The majority (~ 90-95%) dies due to failure to undergo 

positive selection whereas negative selection makes only a small contribution (~ 2-5%) to the background rate of 

apoptosis in the thymus. 

 

DP thymocytes expressing a mature TCR undergo positive selection based on the interaction of 

their TCR with peptide loaded major histocompatibility complex (MHC) presented on the cell 

surface of cortical epithelial cells 10-15. These cortical epithelial cells are specialized stromal cells 

that express MHC class I and MHC class II complexes. Peptides available for occupancy of the 

MHC are thought to be derived from self-materials. Studies using mutant MHC with mutations 

only in the peptide-binding–groove 16-18 or using transporter associated antigen processing (TAP) 

> 90-95% undergo
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knockout mice where endogenous peptide cannot be loaded into the MHC 19,20 provide 

experimental support for the view that specific self-antigen is required for positive selection 2. 

Only those thymocytes receive a survival signal that express a TCR that is able to interact with 

self-peptide-MHC whereas thymocytes that fail to interact, undergo “death by neglect” due to 

absence of transmission of such a survival signal 1. The rescue of DP thymocytes in positive 

selection with self-MHC-restricted TCR is accompanied by lineage decision (Figure 1): 

Thymocytes selected by recognition of MHC class I molecules down-regulate CD4 and become 

cytotoxic T-lymphocyte precursors maintaining the co-receptor CD8 21,22. In contrast those 

selected by MHC class II down-regulate CD8 and become T-helper cell precursors maintaining 

the co-receptor CD4 23,24. Whether a thymocyte becomes a CD4 or CD8 SP T cell depends 

therefore largely on the preference of its TCR for MHC Class I or Class II. However other 

models have been also proposed being independent of MHC class recognition. For example 

cytokine induced signaling may play an important role in lineage decision 25. 

In contrast to positive selection it is assumed that negative selection is mainly performed by 

hematopoietic APC such as dendritic cells or macrophages present in the medulla of the 

thymus26-28. Negative selection eliminates those thymocytes that exhibit a high affinity for self-

antigens presented on MHC of the APC and is required to establish self-tolerance. This is of vital 

importance as self-antigens presented by dendritic cells or macrophages to T-cells in the 

periphery are the most important source of potential autoimmune responses.  

In this context it is interesting to mention that organ-specific self-antigens are expressed by 

medullary epithelial cells. This ectopic expression of self-antigens in the medulla is regulated by 

the autoimmune regulator (AIRE), which is a transcriptional activator. AIRE is therefore a key 

factor in the process of deletion of self-reactive thymocytes in the medulla and essential to 

mediate central tolerance 29,30. 

It has been shown that negative selection requires co-stimulation 28,31-33 similar to the activation 

of mature T-cell in the periphery. For example CD28 on thymocytes can transmit a co-

stimulatory signal required for negative selection 31,34. Ligands for CD28 are the co-stimulatory 

molecules CD80 and CD86 expressed on medullary dendritic cells 35-38. It has been demonstrated 

that CD28 knockout mice as well as inhibition of the binding partners of CD28, the co-

stimulatory molecules B7-1 (CD80) and B7-2 (CD86), on the APC showed impaired negative 

selection 39,40.  

Hence, T-cell positive and negative selection in the thymus ensures that an individual’s immune 

response is mounted only to peptides derived form foreign pathogens and not to peptides derived 

from self-proteins. Herein positive selection results in a repertoire of T-cells that are capable to 
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respond to foreign antigenic peptides when presented by self-MHC. Therefore T-cell positive 

selection is also often designated T-cell repertoire selection. 

Furthermore, thymocytes that bind too strongly to self antigens are deleted or negatively 

selected. This is required to ensure that no self-reactive T-cells can mature and leave the thymus 

in order to avoid self-attack or autoimmunity. 

 

Removal of thymocytes that fail selection. 

Only a small population (~2-5%) of thymocytes generated in the bone marrow and thymus 

survives T-cell selection and leaves the thymus as mature T-cells that subsequently circulate 

throughout the body as naive T-cells. The vast cell death occurring in the thymus is a reflection 

of the intensive screening that each thymocyte has to undergo to select only those thymocytes for 

export to the periphery that recognize self-peptide-MHC in a way that self- tolerance is 

maintained. Most thymocytes undergo cell death in the cortex of the thymus by failing to be 

positively selected (~90-95%) and undergo “death by neglect” whereas negative selection makes 

only a small contribution to the background rate of apoptosis (~2-5%) 5 (Figure 1). 

In the murine thymus it has been demonstrated that a specific population of cortical F4/80+ 

macrophages quickly removes the enormous numbers of dying thymocytes from the thymic 

cortex 5. In the human thymus the identity of the cells responsible for the removal of dying 

thymocytes from the thymic cortex has not been identified to date although it is tempting to 

speculate that a similar cell type as in mice is involved. 

 

Positive selection: Cortical epithelium versus heamatopoietic antigen presenting cells. 

It is widely accepted that positive selection of thymocytes occurs on MHC expressed on cortical 

epithelial cells whereas negative selection occurs on bone marrow derived APC such as dendritic 

cells and macrophages in the medulla of the thymus. Some studies have however shown that in 

addition to cortical epithelial cells, bone marrow derived antigen presenting cells, such as 

dendritic cells or macrophages, participate at least to some extent in positive selection as well 
27,41-47. The question whether hematopoietic APC participate in positive selection is for example 

of particular importance to better understand the immunology of transplantation. Donor 

hematopoietic APC present in the transplanted donor material may enable to induce tolerance to 

the transplant in the recipient resulting thereby in a chimeric recipient. Moreover hematopoietic 

APC that participate in positive selection may be important to mediate central and environmental 
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tolerance. Hematopoietic APC entering the thymus from the periphery may carry self-antigens to 

the thymus, which would enable to induce tolerance to these self-antigens. Unfortunately, these 

hematopoietic cells have not been clearly identified to date in the thymic cortex. Candidate cell 

types would include dendritic cells and macrophages 27,45. 

 

Is co-stimulation required for positive selection? 

It is well known that negative selection requires the transmission of a co-stimulatory signal in 

addition to TCR signalling. Likewise naive peripheral T-cells require transmission of both a 

TCR signal, as a result of encountered foreign antigen, and co-stimulation to become effector T-

cells. In addition to the well described co-stimulatory molecules CD80 and CD86 that are 

prominently expressed on dendritic cells, other molecules have been shown to exhibit the 

capacity to co-stimulate naïve T-cells. These include the adhesion molecules VCAM-1 and 

ICAM-1 48-51.  

Unfortunately, little is known about the requirement of co-stimulation during positive selection. 

However, it has been shown that some molecules present on DP thymocytes exhibit a co-

inducing capacity among them the ligands for the adhesion receptors VCAM-1 and ICAM-1, 

VLA-1 and LFA-1 respectively 52. Application of a TCR signal together with triggering these co-

inducing molecules was shown to result in positive selection in vitro. It is however necessary to 

further confirm the requirement of co-stimulatory molecules in positive selection. In this context 

it will be interesting to investigate the expression of those co-stimulatory molecules in the 

thymic cortex. Herein, the identification of the cell types on which co-stimulatory molecules are 

expressed in the thymic cortex may help to elucidate whether only cortical epithelial cells select 

the T-cell repertoire or whether hematopoietic APC are involved as well. 

 

The role of glycosylation in the immune system and C-type lectin receptors. 

Glycosylation is of vital importance in many physiologic processes in all living organisms. In the 

immune system the importance of glycosylation has been repeatedly demonstrated both in 

homeostatic conditions in which glycans often serve as ligands in highly specific recognition 

events implicated in many aspects of the regulation of the immune system as well as in 

recognition of pathogens. For example specific glycan recognition has been reported to be tightly 

regulated in cell adhesion and migration as documented for instance for the selectins 53-56. 

Furthermore, galectins have been shown to be involved in recognition of glycans exposed on 

apoptotic cells. Moreover cell surface glycosylation can change during malignant transformation 
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of cells. Importantly, it has been proposed that the regulated expression of carbohydrate 

recognition receptors, such as C-type lectin receptors (CLR), on dendritic cells may enable these 

cells to specifically recognize glycans on tumor cells 57-60. CLRs have also been shown to 

interact with various pathogens in a carbohydrate dependent manner 56,61-64.  

CLRs are therefore an important protein family involved in the recognition of carbohydrates and 

are often found prominently expressed on dendritic cells. CLRs possess a highly conserved 

carbohydrate recognition domain (CRD) that enables to mediate binding to glycoconjugates. 

CLRs can be secreted as soluble molecules or expressed at the cell surface as transmembrane 

molecules. Two types of CLRs can be distinguished. Type I CLRs contain an extracellular N-

terminus whereas type II CLRs contain a cytoplasmic N-terminus. Moreover Type I CLRs 

contain multiple CRDs whereas type I CLRs have only one CDR 65. The CRD contains two Ca2+ 

pockets that enable to position Ca2+ ions, which is an absolute requirement for carbohydrate 

binding. Type I CLRs are the macrophage mannose receptor (MMR) 66-68, DEC-205 69, whereas 

examples for type II CLRs are DC-SIGN 70-73, Langerin and macrophage galactose-type lectin 

(MGL) 59,74,75. CLRs are broadly expressed for instance on dendritic cells, macrophages and NK 

cells. They have been shown to play important roles in recognition of self-glycoconjugates but 

also with glycoconjugates of pathogens. CLRs contain internalization motifs that enable them to 

target bound antigen to endocytic vesicles 76. In fact, antigens internalized via CLRs i.e by 

dendritic cells have been shown to be efficiently presented to T-cells 77. 

Although substantial research has been performed on various aspects of the role of glycosylation 

in the immune system the knowledge of glycosylation in the thymus and the potential functions 

of C-type lectin receptors during T-cell development are limited. An investigation of the overall 

distribution of glycoconjugates in thymic microenvironments and on the potential function of 

CLRs would be therefore desirable. 

 

Outline of the thesis 

The studies described in the present thesis were initiated by the discovery of a yet unknown 

hematopoietic cell type in the human thymic cortex that was identified by the C-type lectin and 

immature DC marker DC-SIGN.  

Chapter 2 reports the identification of this DC-SIGN+ cell type, which is exclusively present in 

the thymic cortex. These cells exhibit features of immature dendritic cells and macrophages and 

are shown to function in removal of apoptotic thymocytes from the human thymic cortex. 

Further characterization of these cells points to an additional function of these cells in antigen 
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presentation and therefore selection of thymocytes. Therefore these cells are termed cortical 

hematopoietic antigen presenting cells (hAPC) having features of both macrophages and 

immature dendritic cells. 

In Chapter 3 it is shown that in addition to the C-type lectin DC-SIGN cortical hAPC also 

express the adhesion and co-stimulatory molecule VCAM-1. The capacity of DC-SIGN and 

VCAM-1 to interact with cortical thymocytes is investigated. Whereas DC-SIGN interacts 

specifically with apoptotic thymocytes, VCAM-1 interacts with viable cells and is shown to act 

as a co-stimulator of positive selection in vitro. Hence, the provided data suggest a dual function 

of cortical hAPC in removal of apoptotic cells from the thymic cortex that failed selection as 

well as a function as APC in positive selection of thymocytes. 

In Chapter 4 the co-stimulatory capacity of VCAM-1 and ICAM-1 to induce positive selection 

is compared in the murine thymus. It is further shown that similar to human cortical hAPC also 

murine cortical F4/80+ macrophages express VCAM-1. Together with the fact that these cells 

have been demonstrated to remove apoptotic thymocytes from the murine thymus this strongly 

indicates a homology of murine F4/80+ cells to human cortical hAPC and likewise a potential 

role as antigen presenting cells in selection. 

In addition to DC-SIGN also other C-type lectin receptors are expressed in the human thymus. In 

chapter 5 the role of the C-type lectin MGL is studied in the human thymus. MGL is expressed 

on macrophages that are located in close proximity to blood and lymph vessels. A function of 

MGL in retaining these macrophages in proximity to blood vessels in order to form structures 

similar to spleenic sinusoids is proposed. 

In order to generate a general overview of carbohydrate distribution on components of the 

thymic microarchitecture, analysis of carbohydrates by lectins with known specificity is 

performed in Chapter 6. Thymic microenvironments such as cortex, medulla, interlobular space 

as well as lymph and blood vessels are shown to be marked by distinct glycosylation, which 

affirms the overall importance of glycosylation during various stages of T-cell development. 

A general discussion of the results obtained in this thesis is provided in chapter 7. 
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Abstract 

Only a small proportion of thymocytes survives T-cell selection in the thymus and leaves the 

thymus as mature T-cells. The vast majority of thymocytes undergo cell death during selection 

either due to failure to undergo positive selection on self peptide-MHC presented by thymic 

antigen presenting cells or due to negative selection. Accumulating evidence suggests that in 

addition to cortical epithelial cells also hematopoietic antigen presenting cells (hAPC) contribute 

to positive selection of thymocytes. Direct identification of these hAPC in the thymus is however 

lacking.  

In the murine thymus it has been shown that most thymocytes that fail selection undergo 

apoptosis in the thymic cortex and are removed by cortical macrophages. It is however unknown 

how apoptotic thymocytes are cleared from the cortex of the human thymus.  

Here we report the identification of hAPCs by expression of dendritic cell (DC) specific C-type 

lectin DC-SIGN (CD209) in the cortex of the human thymus and show that these cells exhibit 

features of both immature DCs and macrophages. The analysis of cellular markers on cortical 

hAPC further suggests that these hAPC may participate in selection of thymocytes in the cortex. 

By using in situ (TUNEL) terminal deoxynucleotidyl transferase dUTP nick end labeling we 

demonstrate that these cortical hAPC are surrounded by apoptotic, TUNEL+ thymocytes in situ. 

Futhermore, in situ immuno-cryoelectronmicroscopy suggests that cortical hAPC take up and 

remove apoptotic thymocytes. Thus, DC-SIGN+ hAPC in the human thymic cortex appear to 

function in thymocyte selection and in removal of apoptotic thymocytes from the thymic cortex.  

 

Introduction 

During development of functional mature T-cells, T-cell progenitors home to the thymus where 

they undergo differentiation that can be monitored by a series of phenotypic changes when 

differentiating thymocytes migrate from the cortex to the medulla to finally leave the thymus as 

mature T-cells 1,2. CD4-CD8- (DN) thymocytes develop into CD4+CD8+ (DP) thymocytes in the 

thymic cortex and become CD4+CD8- or CD4-CD8+ (SP) mature cells in the medulla of the 

thymus that eventually exit the thymus as mature T-cells. The selective events in thymocyte 

development require the interaction of the T-cell receptor (TCR) with self peptide-MHC 

complexes present on thymic antigen presenting cells. The rescue of DP thymocytes in positive 

selection with self-MHC-restricted TCR is accompanied by lineage decision: Thymocytes 

selected by recognition of MHC class I molecules down-regulate CD4 and become CTL 

precursors maintaining the co-receptor CD8 3,4, whereas those selected by MHC class II down-
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regulate CD8 and become Th cell precursors maintaining the co-receptor CD4 5,6.  Failure to 

properly interact with peptide-MHC complexes on APC results in “death by neglect”. Self-

reactive thymocytes are deleted by negative selection. Although it is widely accepted that self-

peptide-MHC complexes present on cortical epithelial cells select the T-cell repertoire, several 

reports suggest that hAPC can contribute to thymocyte positive selection as well. Only a 

minority of thymocytes survive selection and exit the thymus as mature T-cells 7-9. Apoptosis of 

thymocytes plays therefore a crucial role during T-cell development. The vast majority of cell 

death occurs due to a lack of positive selection in the cortex of the thymus 10,11. 

In the human thymus it is yet unknown how the huge amount of apoptotic thymocytes that fails 

positive selection is removed from the cortex. However, in the murine thymus it has been 

demonstrated by using in situ TUNEL analysis that removal of apoptotic thymocytes from the 

cortex is accomplished by cortical macrophages 10. Macrophages are therefore likely candidates 

for removal of apoptotic cells from the human thymic cortex as well.  

In the present study we identify hAPC in the human thymic cortex by using the DC marker DC-

SIGN. The C-type lectin DC-SIGN is a cell surface marker for DCs and has been shown to 

function as both adhesion and antigen uptake receptor 12,13. Characterization of these hAPC by 

using macrophage and DC markers reveal that they exhibit both features of macrophages and 

immature DCs and are distinct from medullary DCs that exhibit a mature phenotype and are 

involved in negative selection. Cortical hAPC appear to be equipped with the capacity to present 

antigen as evidenced by expression of the molecular chaperone HLA-DM, which suggests an 

implication of cortical hAPC in selection of thymocytes in the cortex. Furthermore, we 

demonstrate in situ that these cortical hAPC appear to remove apoptotic thymocytes from the 

cortex of the human thymus.  

Taken together, cortical hAPC may have a dual function in both thymocyte selection and 

removal of apoptotic cells from the thymic cortex. 

 

Materials and Methods 

Thymic tissues: The use of postnatal thymus tissue was approved by the Medical Ethical 

Committee of the Academic Medical Center (Amsterdam, The Netherlands). Thymic tissue was 

obtained from surgical specimens removed from children up to three-years-old undergoing open-

heart surgery.  Fragments of some specimens were flash-frozen in liquid nitrogen and stored at  

-80°C.  
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Immunohistochemical analysis: Briefly, cryostat sections of thymic tissue were cut in 7-µm 

sections, air-dried overnight, and fixed in acetone for 10 min at room temperature or in 2% 

Paraformaldehyde for 20 mins and subsequently permeabilized in 0,1% Triton for 2 min. 

Primary antibodies diluted in PBS/1% BSA were added directly onto the sections and incubated 

for 30 min. For immunofluorescence, Alexa Fluor® 488 F(ab')2 fragment of goat anti-rabbit IgG  

and  Alexa Fluor® 594 goat anti-mouse IgG 594-conjugated secondary antibodies (both 

Molecular Probes, Eugene, OR) were used. Sections were counterstained with Hoechst 33258 

(0,5 µg/ml, Molecular Probes, Eugene, OR) for 5 min at room temperature. The following 

primary antibodies were used: CSRD (polyclonal antiserum obtained after immunization of 

rabbits with the following peptide from DC-SIGN coupled to KLH: 

CSRDEEQFLSPAPATPNPPPA 14), CD1a (OKT6; American Type Culture Collection), 

cytokeratin (both MNF116 and LP34; DAKO, Glostrup, Denmark), CD83 (HB15a; Coulter, 

Marseille, France) CD86 (2331 (FUN-1); BD Pharmingen, San Diego, CA), HLA-DM 

(MaP.DM1; BD Pharmingen), mannose receptor (3.29B1; kind gift of Dr. M. Cella, Department 

of Pathology and Immunology, Washington University School of Medicine, St. Louis, MO). 

Analysis was performed on a Nikon Eclipes E800 fluorescent microscope. 

 

In situ apoptosis:  In situ TUNEL analysis (Roche, Mannheim, Germany) was performed, a 

method based on labeling of DNA strand breaks. Briefly, the sections were fixed with 

paraformaldehyde 2% for 30 min followed by 3 washes, then permeabilized in 1% Triton X-100 

in PBS for 2 min on ice. After 3 washes, TUNEL reaction mixture (labeling solution and 

terminal transferase) was added on the samples for 60 min at 37°C in the dark. The sections were 

then washed 3 times before co-staining with rabbit polyclonal anti-DC-SIGN antibody (CSRD) 

as described above. As negative control sections were incubated with labeling solution without 

terminal transferase. As positive control sections were incubated with DNase I, grade I 3000 

U/ml in 50 mM Tris-HCl, pH 7.5, 1 mg/ml BSA for 10 min at room temperature to induce DNA 

strand breaks, prior to icubation with TUNEL reaction mixture. 

 

Immuno-cryoelectronmicroscopy: Small tissue blocks of human thymus were fixed in 4% 

Paraformaldehyde and 0,2% Glutaraldehyde, infiltrated with 2,3M sucrose and frozen in liquid 

nitrogen. Ultrathin sections were immunolabeled with mouse monoclonal antibody DC-SIGN 

(DCN46; BD Pharmingen) or mouse IgG2b isotype control antibody (Biolegend, San Diego, 

CA) followed by rabbit anti-mouse bridging antibody (Zymed, San Francisco, CA) and 
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visualized with 15nm gold particles. Sections were examined with a transmission electron 

microscope [model Philips CM 100 Bio Twin]  

 

Results 

DC-SIGN+ cells are present in the cortex but not in the medulla of the human thymus and are 

not part of the cortical epithelium 

The presence of DC-SIGN expressing DCs has been described in peripheral tissues in placenta, 

skin, and mucosa and in T-cell areas of lymph nodes and spleen 15. In the thymus DC-SIGN 

expression has been reported 16 though not been further characterized to date. Therefore we 

stained cryosections of the human thymus with DC-SIGN specific antibodies 14. Co-staining 

cortical thymocytes with CD1a enables to distinguish cortex and medulla. DC-SIGN is almost 

exclusively expressed on cells in the thymic cortex, and occasionally the cortico-medullary 

junction, but not in the medulla (Figure 1A, arrows). In addition DC-SIGN+ cells are also present 

in the interlobular space (Figure 1A, arrowheads). Cortex, medulla and interlobular space of the 

thymus can be also easily distinguished by cellular density by staining sections with Hoechst 

(Figure 1B). Some cortical DC-SIGN+ cells exhibit DC morphology (Figure 1C, arrows). No 

staining was detected in the negative control, with omission of primary antibody (Figure 1D). 

The localization of DC-SIGN+ cells in the cortex is remarkable because most DCs in the thymus 

reside in the medulla 17,18. In order to rule out that DC-SIGN+ cells are part of the cortical 

epithelium both DC-SIGN and cytokeratin were stained in thymic cryosections. As expected, no 

co-localization of this epithelial cell marker with DC-SIGN was observed (Figure 1E). 

 

DC-SIGN+ cells exhibit the phenotype CD68+/mannose receptor+/CD83-/CD86+/-/HLA-DM+ of 

both macrophages and immature DCs 

In order to characterize DC-SIGN+ cells in the human thymic cortex, we were interested to know 

whether these cells were of myeloid origin. Therefore we co-stained thymic sections with DC-

SIGN and the macrophage and myeloid marker CD68. Figure 2, A-D shows that CD68 is co-

expressed distinctively on cortical DC-SIGN+ cells. In addition, CD68 is expressed on DC-

SIGN- cells in the medulla that may represent medullary macrophages. 
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Fig. 1. Identification and localization of DC-SIGN+ cells in the thymus. (A), DC-SIGN+ cells (green) are localized 

in the cortex (arrows) which is here visualized by CD1a staining on thymocytes (red), but are also present in the 

interlobular space (arrowheads). No DC-SIGN+ cells are present in the medulla of the thymus. (B), As CD1a (A), 

Hoechst staining enables to easily distinguish cortex, medulla and interlobular space of the thymus by cellular 

density. (C), Some DC-SIGN+ cells resemble the morphology of dendritic cells (arrows). (D), Omission of primary 

antibody served as negative control (E), DC-SIGN (green) is not expressed on the thymic epithelium stained by anti-

cytokeratin antibodies (red). Stainings are representative of 3 donors. 

 

 
Fig. 2. DC-SIGN+ cells co-express markers of myeloid cells. (A to D), DC-SIGN+ cells co-express CD68 (A, CD68 

in red; B, DC-SIGN in green; C, merged D, Hoechst). (E to H), DC-SIGN+ cells co-express mannose receptor (E, 

mannose receptor in red; F, DC-SIGN in green; G, merged H, Hoechst). m, medulla; c cortex. Stainings are 

representative of 3 donors. 
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We further investigated whether cortical hAPC express mannose receptor, which is involved in 

antigen uptake 19-22 and has been reported to be expressed on both macrophages and on myeloid 

immature DCs. We observed that mannose receptor is co-expressed on DC-SIGN+ cells in the 

cortex and in the interlobular space (Figure 2, E-H). 

 

 
Fig. 3. DC-SIGN+ cells co-express markers of immature dendritic cells. 

(A to C), DC-SIGN+ cells do not co-express CD83 (A, CD83 in red; B, DC-SIGN in green C, merged). (D to F), 

CD86 (arrows) is weakly co-expressed on some DC-SIGN+ cells (D, CD86 in red; E, DC-SIGN in green; F, 

merged). (G), Prominent staining for HLA-DM (in red) can be observed on medullary antigen presenting cells. The 

cortex shows less intense staining, but a few cells express HLA-DM (arrows) with the same intensity as the 

medullary cells. (H to J), Most of the intensely HLA-DM positive cells in the cortex are DC-SIGN+ hAPC (H, 

HLA-DM in red; I, DC-SIGN in green; J, merged). m, medulla; c cortex. Stainings are representative of 3 donors. 

 

To further characterize these DC-SIGN+ cells we examined whether they exhibit features of 

immature or mature DCs. Therefore DC-SIGN was co-stained with the co-stimulatory molecules 

CD83 and CD86.  Cortical DC-SIGN positive cells do not express CD83 (Fig. 3, A-C) and only 

weakly express CD86 (Fig. 3, D-F). In contrast both CD83 and CD86 are strongly expressed in 
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the medulla. To analyze whether cortical DC-SIGN positive cells have the capacity to present 

antigen we studied expression of the chaperone HLA-DM that is a hallmark of antigen 

presentation. Without HLA-DM, efficient antigen presentation on MHC class II cannot occur 23-

25. Although HLA-DM positive cells were mainly observed in the medulla, probably 

representing medullary DCs, a few cells that prominently express HLA-DM can also be found in 

the cortex (Fig. 3G). Double staining HLA-DM and DC-SIGN revealed that these cortical cells 

with high levels of HLA-DM co-express DC-SIGN (Fig. 3, H-J). This raises the possibility that 

cortical DC-SIGN+ hAPC have the capacity to present antigen and suggests that they may be 

involved in thymocyte selection in the cortex.  

Together, cortical DC-SIGN+ cells exhibit both features of macrophages and immature DCs. 

 

DC-SIGN+ hAPC are associated with TUNEL+, apoptotic thymocytes in situ 

In situ it has been shown that most thymocytes undergo apoptosis in the cortex 10. Thymocytes 

that do not receive an appropriate TCR signal undergo cell death by neglect. Our characterization 

of DC-SIGN+ hAPC revealed a phenotype of both macrophages and immature DCs. We were 

therefore prompted to investigate whether DC-SIGN+ hAPC may be equipped with the capacity 

to take up and remove apoptotic thymocytes from the thymic cortex. To test whether cortical 

hAPC are involved in uptake of apoptotic thymocytes, we performed in situ TUNEL analysis 

and co-stained with DC-SIGN. Importantly, we observed that TUNEL+, apoptotic thymocytes 

are closely associated with DC-SIGN+ cortical DCs, and not dispersed all over the thymus (Fig. 

4, A-D and E-G). This observation suggests that DC-SIGN+ hAPC are involved in the removal 

of apoptotic thymocytes from the human thymic cortex. 
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Fig. 4. In situ TUNEL analysis: Cortical hAPC are surrounded by apoptotic thymocytes. (A to D), DC-SIGN 

positive cells are surrounded by apoptotic, TUNEL positive thymocytes (A, apoptotic cells in red; B, DC-SIGN in 

green; C, merged; D, Hoechst). (E to G), Higher magnification (E, apoptotic cells in red; F, DC-SIGN in green; G, 

merged). (H), As positive control induction of DNA strand breaks was performed using DNase I prior to incubation 

with TUNEL reaction mixture showing labeling of all nuclei. (I), Incubating thymic sections with the labeling 

solution without terminal deoxynucleotidyl transferase served as negative control showing no staining. Stainings are 

representative of 3 donors. 

 

In situ cryoimmuno-electron microscopy reveals that DC-SIGN+ hAPC take up and digest 

apoptotic thymocytes 

To confirm the data of the in situ TUNEL analysis and to provide evidence that cortical hAPC 

are not only associated with apoptotic thymocytes, but also engulf and remove them from the 

cortex, we performed cryoimmuno-electron microscopy on cortical tissue sections of the human 

thymus. Immuno-electron micrographs suggest that thymocytes are indeed taken up by cortical 

DC-SIGN-positive hAPC. Apoptotic nuclei of thymocytes that have been taken up can be found 

in the cytoplasm of DC-SIGN positive hAPC (Fig. 5, A-C). Fig. 5, D,E shows an isotype control 

staining of a cortical hAPC containing likewise an engulfed apoptotic nucleus. Together, these 

results strongly suggest that DC-SIGN+ hAPC remove apoptotic thymocytes from the cortex the 

human thymus.  
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Fig. 5. Immuno-cryoelectronmicroscopy of the thymic cortex shows that cortical hAPC engulf apoptotic 

thymocytes. (A), The overview shows a cortical hAPC that has engulfed two thymocytes. Arrowheads point to the 

cell membrane of the cortical DC-SIGN+ DC. A rectangle depicts the area that is shown at a higher magnification in 

(B), visualizing labeling of cortical hAPC with anti-DC-SIGN antibody-coupled gold particles. (C) Yet another 

example of an apoptotic thymocyte enclosed in a cortical DC-SIGN+ DC as indicated by labelling with anti-DC-

SIGN antibody-coupled gold particles (arrowheads) surrounding the apoptotic cell. Notice that the nucleus of the 
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apoptotic cell undergoes fragmentation. (D), Isotype control staining of a cortical hAPC that has engulfed an 

apoptotic thymocyte. A rectangle depicts the area that is shown at a higher magnification in (E), visualizing that 

there is no labeling of cortical hAPC when isotype control antibodies are used. Scale bar: 2µm (A), AC, apoptotic 

cell. Stainings are representative of 3 donors. 

 

Discussion 

Our study shows that hAPC are present not only in the medulla but also in the cortex of the 

human thymus. Distinct from medullary DCs; cortical hAPC were identified by the DC marker 

DC-SIGN. Furthermore, cortical hAPC were characterized to be of myeloid origin by co-

expression of CD68. They exhibit features of macrophages demonstrated by the fact that they 

express the macrophage marker CD68 as well as immature DCs evidenced by their morphology 

and expression of DC-SIGN, HLA-DM, the low expression of CD86 and the absence of 

expression of CD83. The presence of mannose receptor and DC-SIGN on cortical hAPC is 

likewise indicative for immature DCs that are involved in antigen uptake processes. This 

expression profile is similar to human monocyte derived immature DCs when generated in vitro 

in the presence of IL-4 and GMCSF 12. In contrast, DCs of the medulla exhibit a more mature 

phenotype as they strongly express both CD83 and CD86. CD86 expression varies in the 

population of DC-SIGN+ cells in the cortex. This may be due to subtle differences in their 

maturation stages. Moreover the mannose receptor is somewhat higher expressed on DC-SIGN+ 

cells in the interlobular space than in the cortex. The maturation status of these cells may be 

influenced by local cytokine microenvironments or dependent on whether the cells are in a 

migratory or resting state both in the interlobular space and in the cortex.  

Medullary DCs are generally thought to be implicated in negative selection 17,18. Because of their 

location in the cortex and their immature DC-phenotype it is tempting to speculate that DC-

SIGN+ hAPC may play a role in positive selection and deletion of thymocytes at the DP stage. 

This hypothesis is underscored by the high expression of HLA-DM on the cortical hAPC 

indicating their capacity to present antigen. Without the chaperone HLA-DM efficient antigen 

presentation on MHC class II cannot occur 23-25. Importantly, several studies have demonstrated 

that in addition to thymic epithelial cells, hAPC can mediate positive selection 18,26-32. These 

studies did however not identify the APC responsible for positive selection. We hypothesize that 

cortical DC-SIGN+ hAPC may represent those positively selecting hematopoietic cells. 

Our data suggest that cortical hAPC function in removal of apoptotic thymocytes from the 

human thymic cortex. Distinctively, apoptotic thymocytes are almost exclusively associated with 

cortical DC-SIGN+ hAPC in situ and were found enclosed in DC-SIGN+ hAPC by immuno-
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electron microscopy. In a previous murine study macrophages identified by the murine 

macrophage marker F4/80 were shown to function in removal of apoptotic thymocytes from the 

murine thymic cortex likewise evidenced by in situ TUNEL analysis 10. This raises the 

possibility that the cells employed for removal of cortical apoptotic thymocytes in the murine 

and human thymus are homologous. Although a human homologue of the murine macrophage 

marker F4/80 does not exist and neither does a murine homologue of human immature DC 

marker DC-SIGN these hAPCs in the cortex of the thymus appear to be, both in the human and 

murine thymus, involved in removal of apoptotic cells. This argues strongly in favour of the fact 

that they are homologous cell types although in the murine thymus these cells where 

characterised as macrophages due to expression of F4/80 whereas human cortical DC-SIGN+ 

cells exhibit not only characteristics of macrophages indicated by the macrophage marker CD68 

but also of immature DCs as shown by co-expression of the immature DC markers DC-SIGN, 

mannose receptor, HLA-DM and the low expression of CD86. 

Although we cannot exclude the possibility that cortical hAPC remove apoptotic thymocytes that 

failed selection on peptide-MHC presented by cortical epithelial cells we assume that the 

distinctive accumulation of apoptotic thymocyte surrounding DC-SIGN+ hAPC may be the result 

of deletion of thymocytes by these cortical hAPC. This is supported by their expression of HLA-

DM and previous studies that have demonstrated the capacity of DCs to delete DP thymocytes in 

vitro 33.  

Finally, the expression of mannose receptor and DC-SIGN on cortical hAPC supports a function 

in thymocyte selection. These receptors function in antigen uptake by recognition of specific 

carbohydrate determinants and are also involved in the subsequent antigen processing and 

presentation to T-cells 12,19-21. In fact, Nieuwenhuis et al. 34 provided evidence that the cortex is 

permeated by peripheral antigen through the transcapsular route. We think that this concept is 

consistent with the fact that mannose receptor and DC-SIGN are expressed on hAPC throughout 

the cortex to enable uptake of peripheral antigen for presentation to thymocytes. Peripheral 

antigens processed by cortical hAPC and presented to DP thymocytes may play a crucial role in 

induction of central tolerance. However, further studies are needed to understand the potential 

function of DC-SIGN+ cortical hAPC in thymocyte selection. 
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Abstract 

The majority of thymocytes undergo apoptosis during T-cell selection in the thymus. Only a 

minority of thymocytes survives during T-cell selection and leaves the thymus as mature T-cells. 

Cell death in the thymus is mainly a reflection of failure to undergo positive selection whereas it 

is assumed that negative selection makes only a small contribution to the background rate of 

apoptosis. In mice, it has been shown that thymocytes that fail to undergo positive selection are 

cleared from the thymus by cortical macrophages. We have recently shown that in the human 

thymus removal of apoptotic cells is performed by DC-SIGN (CD209) expressing hematopoietic 

antigen presenting cells (hAPC) that exhibit characteristics of both macrophages and dendritic 

cells (DC). This specific type of hematopoietic antigen presenting cells (hAPC) may therefore 

participate not only in removal but also in selection of thymocytes.  Importantly, accumulating 

evidence suggests that not only cortical epithelial cells but also hAPC contribute to positive 

selection of thymocytes.  

In the present study we revealed that cortical DC-SIGN+ hAPC prominently co-express the 

adhesion and co-stimulatory molecule VCAM-1. We show that VCAM-1 provides adhesion to 

CD4+CD8+ double positive (DP) thymocytes and, in addition, acts as a co-stimulatory molecule 

in thymocyte positive selection in vitro. These findings underscore a potential function of 

cortical hAPC in positive selection.  In contrast, the C-type lectin DC-SIGN is shown to function 

as a receptor for recognition and adhesion of cortical apoptotic cells. This is in line with previous 

results indicating that DC-SIGN expressing cortical hAPC remove apoptotic thymocytes from 

the cortex. Thus, the defined interaction of the adhesion receptors VCAM-1 and DC-SIGN with 

human thymocytes raises the possibility that DC-SIGN+/VCAM-1+ cortical hAPC execute a dual 

function in both positive selection and clearance of apoptotic cells. 

 

Introduction 

Successful differentiation of T-cells in the thymus depends on positive selection of DP 

thymocytes with TCR specificity for self-peptides presented by major histocompatibility 

complex (MHC) molecules. Positive selection allows maturation of only a minority of 

thymocytes that are capable of self-peptide–MHC recognition. The vast majority of DP 

thymocytes lack specificity for thymic self-peptide-MHC complexes and undergo apoptosis due 

to “neglect”. It is crucial that these apoptotic thymocytes are removed from the thymus 1. We 

have recently shown that in the human thymus removal of apoptotic thymocytes is performed by 

cortical antigen presenting cells that resemble both immature dendritic cells and macrophages 
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(Paessens et al. submitted). Distinctively, these cortical hAPC were found to be in situ associated 

with apoptotic thymocytes, which they take up for removal. Furthermore, we reported that 

cortical hAPC express the C-type lectin receptor DC-SIGN. DC-SIGN is a cell surface marker 

for immature dendritic cells2,3 and has been functionally characterized as a cell adhesion4 and 

antigen uptake receptor5. 

Here we show that cortical hAPC co-express in addition to DC-SIGN also the adhesion and co-

stimulatory molecule VCAM-1. To investigate how cortical hAPC may interact with thymocytes 

we investigated the capacity of the cell surface receptors DC-SIGN and VCAM-1, uniquely 

expressed on cortical hAPC, to interact with thymocytes in vitro. We demonstrate that DC-SIGN 

interacts specifically with DP, apoptotic thymocytes, which is in agreement with the fact that 

DC-SIGN is expressed exclusively on hAPC present in the thymic cortex that function in 

removal of apoptotic cells. Furthermore, VCAM-1 binds exclusively to viable DP thymocytes in 

a stage prior to positive selection and, importantly, co-stimulates positive selection of 

thymocytes in vitro. The functional analysis of VCAM-1 and DC-SIGN and the exclusive 

presence of these receptors on cortical hAPC suggest therefore a dual role of cortical hAPC in 

positive selection and removal of apoptotic thymocytes. 

 

Materials and Methods 

Thymic tissues. The use of postnatal thymus tissue was approved by the Medical Ethical 

Committee of the Academic Medical Center (Amsterdam, The Netherlands). Thymocytes were 

obtained from surgical specimens removed from children up to three-years-old undergoing open-

heart surgery.  Fragments of some specimens were flash-frozen in liquid nitrogen and stored at -

80°C. Thymocytes were collected after mincing the thymus and kept in PBS for immediate use. 

 

Immunohistochemical analysis. Briefly, cryostat sections of thymic tissue were cut in 8-µm 

sections, air-dried overnight, and fixed in acetone for 10 minutes at room temperature or in 2% 

Paraformaldehyde for 20 mins and subsequently permeabilized in 0,1% Trition for 2 min. 

Primary antibodies diluted in PBS/1% BSA were added directly onto the sections and incubated 

for 30 min. For immunofluorescence, Alexa Fluor® 488 F(ab')2 fragment of goat anti-rabbit IgG  

and  Alexa Fluor® 594 goat anti-mouse IgG 594-conjugated secondary antibodies (both 

Molecular Probes, Eugene, OR) were used. The following primary antibodies were used: CSRD 

(polyclonal antiserum obtained after immunization of rabbits with the following peptide from 
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DC-SIGN coupled to KLH: CSRDEEQFLSPAPATPNPPPA19), monoclonal mouse anti-human 

VCAM-1 (1G11, Endogen), CD1a. 

 

Analysis of recombinant DC-SIGN and VCAM-1 binding to thymocytes. Recombinant DC-

SIGN-Fc (at 20 µg/ml ) or VCAM-1-Fc (at 20 µg/ml, kindly provided by Dr John Harlan, 

University of Washington) were incubated for 45 min at 37°C in TSM/0.5% BSA after 

preincubation of thymocytes  (0.25 million per well) in the presence and absence of blocking 

agents for 30 min at room temperature (Mannan 100 µg/ml, EGTA 25 mM or the monoclonal 

VLA-4 blocking antibody HP2/1, respectively) to control for the specificity of the interactions. 

Furthermore, to exclude that binding may be due to the Fc-tail of the used recombinant proteins, 

binding of ICAM-3-Fc (at 20µg/ml) to thymocytes was tested. After washing in TSM/0.5% 

BSA, thymocytes were incubated with APC-conjugated goat anti–human secondary antibodies 

(Jackson Immuno Research Laboratories) for 30 min at 37°C followed by incubation with anti-

CD4-FITC (13B8.2; Coulter) and anti CD8-PE (B9.11; Coulter) or anti-CD3-PE (SK3; BD 

Pharmingen) and anti-CD69-FITC (FN50; BD Pharmingen) antibodies for 15 min at room 

temperature. If applicable cells were subsequently incubated with Annexin V–FITC in Binding 

buffer (10 mM Hepes/NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl2) for 15 min at room 

temperature. Then, prior to flow cytometry cells were incubated with 7-AAD (Molecular Probes) 

and subjected to flow cytometry.  

 

In situ apoptosis.  In situ TUNEL analysis (Roche) was performed, a method based on labeling 

of DNA strand breaks. Briefly, thymic cryo-sections were fixed with 2% paraformaldehyde for 

30 minutes at RT followed by 3 washes with PBS, then permeabilized in 1% Triton X-100 in 

PBS for 2 minutes on ice. After 3 washes in PBS, TUNEL reaction mixture (labeling solution 

and terminal transferase) was added on the samples for 60 minutes at 37°C in the dark. The 

sections were washed 3 times, blocked for 10 min in PBS/0.5 % BSA before application of 

rabbit polyclonal anti-DC-SIGN antibody (CSRD) as described above.  

 

Induction of thymocyte apoptosis by treatment with peroxynitrite and freezing/thawing.  

Thymocytes (2 x 106 cells/ml) were cultured in 24-well plates with increasing concentrations of 

peroxynitrite (10, 100 and 500 µM). After 8 h of culture, cells were harvested and stained with 

DC-SIGN-Fc for 45 mins at 37°C. After washing, thymocytes were incubated with FITC 
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conjugated goat-anti-human-Fc (Jackson Immuno Research Laboratories) for 30 mins at 37°C 

and incubated with 7-AAD prior to flow cytometry.  

Alternatively, thymocyte apoptosis was induced by freezing thymocyte in 80 % FCS and 20% 

DMSO. After thawing, most thymocytes had undergone apoptosis. Cells were stained with DC-

SIGN-Fc and the apoptosis markers 7-AAD and Annexin V as described above. 

 

In vitro positive selection. 96-well flat bottom tissue culture plates (Maxisorp, NUNC) were 

coated with anti-CD3 antibodies (clone T3b20, at 10 ng/ml) and/or VCAM-1-Fc or DC-SIGN-Fc 

(at 1µg/ml, diluted in 0.05 M sodium hydrogen carbonate buffer, pH 9,2) and incubated for 1h at 

37°C. Wells were washed in RPMI containing 10% FCS and thymocytes were added to the wells 

in RPMI containing 10 % FCS. Thymocytes were harvested after 40h of culture and subjected to 

flow cytometry by staining with CD3-PE, CD69-FITC, CD4-PerCP (SK3; BD Pharmingen) and 

CD8-APC (B9.11; Coulter). Viable cells were clearly distinguishable from apoptotic cells 

according to forward side-scatter criteria (data not shown), which was confirmed by the 

apoptosis markers Annexin-V-APC (BD Pharmingen) and 7-AAD (Molecular Probes, Eugene, 

OR).  

 

Results 

DC-SIGN and VCAM-1 are co- expressed on cortical hAPC in the thymus 

We previously reported the identification and characterization of cortical hAPC present 

exclusively in the human thymic cortex. These hAPC function in removal of apoptotic 

thymocytes from the cortex but exhibit also features of antigen presenting cells suggesting a 

potential role of these cells in selection of thymocytes (Paessens et al., submitted). Cortical 

hAPC were identified by expression of DC-SIGN. In fact, DC-SIGN is exclusively expressed on 

these hAPC in the thymic cortex (Figure 1 A-C). By TUNEL analysis it was demonstrated that 

these DC-SIGN expressing hAPC are surrounded by TUNEL+ apoptotic thymocytes (Figure 1 

D-F), which suggested that cortical hAPC remove apoptotic thymocytes.  

In order to study how these cortical hAPC may interact with cortical thymocytes we were 

prompted to investigate cell surface receptors uniquely present on these cells for their interaction 

with cortical thymocytes. Here we report that next to DC-SIGN, the adhesion and co-stimulatory 

molecule VCAM-1 is exclusively expressed on cortical hAPC. Figure 1 G-I shows co-staining of 

VCAM-1 and DC-SIGN. Importantly, VCAM-1 is a ligand for the integrin VLA-4 on human 
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thymocytes, which is activated by the DP stage in thymocyte development, but is inactive at the 

“transitional” stages and CD4+ or CD8+ single positive (SP) stages6,7. As expressed exclusively 

on cortical hAPC, we were prompted to study the interaction of both recombinant DC-SIGN and 

VCAM-1 with thymocytes in vitro. 

 
Fig. 1. (A to C) DC-SIGN+ cells (green) are localized in the cortex, which is here visualized by CD1a staining on 

thymocytes (red) but not in the medulla of the thymus. (A, merged; B, DC-SIGN in green; C, CD1a red; x 200). (D 

to F), DC-SIGN positive cells are surrounded by apoptotic, TUNEL positive thymocytes (D, merged; E, apoptotic 

cells in red; F, DC-SIGN in green; x 200). (G to I) VCAM-1 is expressed exclusively on DC-SIGN positive cortical 

hAPC (G, merged; H, DC-SIGN in green; I, VCAM-1 in red; x200). 

 

Soluble DC-SIGN and VCAM-1 bind to distinct thymocyte populations 

In order to examine whether DC-SIGN and VCAM-1 can bind thymocytes, recombinant DC-

SIGN-Fc and VCAM-1-Fc were allowed to adhere to thymocytes in vitro. DC-SIGN-Fc binds 

only a small proportion of ~10% of thymocytes (Fig. 2). This interaction can be blocked by 
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EGTA and Mannan. ICAM-3-Fc served as negative control and showed only weak background 

binding. In contrast to DC-SIGN-Fc, VCAM-1-Fc binds a considerably higher amount of total 

thymocytes (45 %). Pre-incubation of thymocytes with the blocking VLA-4 antibody HP2/1 

abrogated binding of VCAM-1.  

 

 
Fig. 2. Recombinant DC-SIGN-Fc is compared to VCAM-1-Fc in binding to thymocytes. Total thymocytes were 

resuspended in TSA and incubated for 45 min at 37°C with DC-SIGN-Fc or VCAM-1-Fc followed by incubation 

with goat anti-human-Fc specific antibodies for 45 min. Prior to DC-SIGN-Fc incubation thymocytes were 

incubated in absence or presence of Mannan and EGTA. Prior to VCAM-1-Fc incubation, thymocytes were 

incubated in absence or presence the VLA-4 blocking antibody VLA-4. As additional control, thymocytes were 

incubated with recombinant ICAM-3-Fc. 

DC-SIGN-Fc binds 11,7% of thymocytes, whereas only some background binding (2,1%) is observed with control 

ICAM-3-Fc. Binding of DC-SIGN-Fc to thymocytes can be blocked by pre-incubation of cells with Mannan or 

EGTA, which reduced binding to 4,4% and 6,4 %, respectively. Recombinant VCAM-1-Fc binds to 45% of 

thymocytes and is completely abrogated when thymocytes were pre-incubated with the VLA-4 blocking antibody 

HP2/1. A typical experiment out of  3. 

 

To further characterize the phenotype of thymocytes interacting with DC-SIGN and VCAM-1 

the expression of CD4 and CD8 as well as CD3 and CD69 was analyzed. DC-SIGN-Fc binding 

thymocytes are slightly enriched in cells of the DP phenotype, which is in agreement with the 

localization of DC-SIGN expressing DCs exclusively in the cortex. Few SP and DN cells are 

present among the DC-SIGN-Fc binding cells (Figure 3A). VCAM-1-Fc binding cells are almost 

exclusively DP. SP cells are almost not bound by VCAM-1 (Figure 3B). To determine whether 
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DC-SIGN and VCAM-1 binding thymocytes show a distinct developmental stage in T-cell 

ontogeny, the expression of CD3 and CD69 on binding versus non-binding thymocytes was 

studied. It is known that CD69 is induced at an early stage of positive selection8 and requires T-

cell receptor (TCR) engagement on thymocytes by MHC9. When positive selection occurs DP 

thymocytes increase their expression of the TCR/CD3 and CD69 antigen10-14 and progressively 

decrease either CD4 or CD815,16.  

 

 

 

 
 

 

 

 

 

 

 

Fig. 3. (A) DC-SIGN binds DP cells 

including thymocytes that are CD3intCD69- 

and CD3highCD69high.  (B), VCAM-1 strongly 

adheres to DP thymocytes that are enriched 

in CD3intCD69low/- cells. (C) DC-SIGN 

binding cells contain 7-AAD+ apoptotic cells 

that are present in freshly isolated total 

thymocyte suspensions whereas VCAM-1 

does not bind 7-AAD+ apoptotic thymocytes. 

A typical experiment out of 3. 
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DC-SIGN adherent cells are slightly enriched in CD3high and CD69high phenotype (Figure 3 A). 

However, VCAM-1 binding thymocytes exhibit intermediate expression levels of CD3 while 

CD69 expression is absent or low. VCAM-1 binding cells correspond therefore to a phenotype of 

thymocytes prior to or just undergoing TCR engagement whereas the non-binding cells contain 

an enriched population of CD3high CD69high cells. These findings raise the possibility that cortical 

hAPC are involved in selection of thymocytes due to their prominent expression of VCAM-1. 

Herein, VCAM-1 adhesion to VLA-4 on thymocytes may be crucial to establish contact between 

cortical dendritic cells and thymocytes in order to receive TCR signals for positive selection. 

After successful positive selection thymocytes may then detach form the hAPC, which is in line 

with the fact that CD69+ thymocytes do not bind VCAM-1.  

Because of the low percentage of DC-SIGN binding thymocytes in thymic cell suspensions and 

because of the fact that apoptotic thymocytes are taken up by DC-SIGN expressing cortical 

hAPC (Paessens et al. submitted) we assumed that the DC-SIGN binding thymocytes may be 

apoptotic. Using the dead cell marker 7-AAD we observed that freshly prepared thymocyte 

suspensions always contain a low amount of dead thymocytes. We investigated whether these 

dead cells are bound by DC-SIGN. Indeed, 23,4 % of DC-SIGN-binding thymocytes were 7-

AAD positive dead cells. In contrast, however, VCAM-1-Fc bound almost exclusively viable 

thymocytes (Fig. 3C). As 7-AAD does not detect early stages of apoptosis we stained VCAM-1 

and DC-SIGN binding cells with Annexin V, which recognizes early apoptotic cells. Figure 4 

shows that in fact almost all DC-SIGN binding cells represent apoptotic cells, most of which are 

early apoptotic (Annexin V+/7AAD-) whereas among VCAM-1 binding cells only few apoptotic 

cells are bound. Hence, DC-SIGN binds almost exclusively to apoptotic thymocytes whereas 

VCAM-1 binds almost exclusively to viable thymocytes.  

 
Fig. 4. DC-SIGN and VCAM-1 binding thymocytes 

were analysed for the presence of apoptotic cells by 

double staining with the early apoptosis marker 

Annexin V and the late apoptosis marker 7-AAD. DC-

SIGN binds mainly to Annexin V+ early apoptotic cells 

present in freshly isolated total thymocyte suspensions. 

In contrast VCAM-1 adheres only to few apoptotic 

cells. Note also that the low amount of potentially late 

apoptotic (Annexin V+/7AAD+) VCAM-1 binding cells 

is loosing Annexin V binding (when compared with 

DC-SIGN binding late apoptotic cells). This may be indicative for cell debris and therefore unspecific binding rather 

than for VCAM-1 binding of apoptotic cells. A typical experiment out of 3. 
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Thymocytes that were induced to undergo apoptosis by peroxynitrate do not bind to DC-SIGN 

Next, we investigated whether soluble DC-SIGN-Fc binding can be increased when thymocytes 

were induced to undergo apoptosis. It has been proposed that clusters of cortical apoptotic cells 

observed in situ in the human thymus may have undergone apoptosis by oxidative stress. 

Nitrotyrosine was detected on these cortical apoptotic thymocytes, which suggests the presence 

of peroxynitrite in situ. Moreover, peroxynitrite efficiently induces thymocytes apoptosis in 

vitro17. We were therefore prompted to test whether induction of apoptosis by using peroxynitrite 

results in apoptotic thymocytes that interact with DC-SIGN. Figure 5 shows that although 

peroxynitrite causes thymocytes to undergo apoptosis these apoptotic cells do not bind to DC-

SIGN-Fc.  

 

 
Fig. 5. Flow cytometric analysis of DC-SIGN binding to human thymocytes after exposure for 8 hours to 

peroxynitrite in increasing concentrations. Apoptotic cells were detected by staining with 7-AAD. Increasing 

concentrations of peroxynitrite result in increased thymocyte apoptosis, but these apoptotic cells do not bind DC-

SIGN. 

 

Soluble DC-SIGN binds to thymocytes that are induced into apoptosis by freezing/thawing 

In order to analyse whether other methods for induction of apoptosis may result in apoptotic 

thymocytes that can interact with DC-SIGN-Fc in vitro, we subjected thymocytes to 

freezing/thawing. We found that indeed apoptotic thymocytes induced by freezing/thawing can 

interact with DC-SIGN-Fc (Figure 6). This binding could be blocked by incubation with Mannan 

and EGTA. We did not observe unspecific binding with soluble ICAM-3-Fc supporting the 

specificity of the DC-SIGN interaction with apoptotic thymocytes (Figure. 6A). A huge amount 

of apoptotic cells generated by freezing/thawing are both Annexin V+/7-AAD+, but Annexin 

V+/7-AAD- cells are also present. This high amount of Annexin V+/7-AAD+ apoptotic 

thymocytes may be due to the fact that freezing/thawing leads to disruption of the cell 
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membrane. DC-SIGN-Fc binding apoptotic thymocytes are interestingly almost exclusively 

Annexin V+/7-AAD+, whereas Annexin V+/7AAD- apoptotic cells are not bound (Figure. 6B). 

DC-SIGN-Fc binding apoptotic cells obtained from freezing/thawing were further checked for 

expression of CD4 and CD8. DC-SIGN binds almost exclusively DP apoptotic cells (Figure. 

6C). It is important to note that freezing/thawing of thymocytes also induced apoptosis of SP 

thymoctes (Figure 6B); however, these cells were not bound by DC-SIGN, which is in line with 

the exclusive localization of DC-SIGN in the cortex, but not the medulla of the thymus. 

 

 
Fig. 6. Freezing/thawing of thymocytes results in increased DC-

SIGN binding. DC-SIGN binding is abrogated when thymocytes are 

pre-incubated with Mannan or EGTA. Moreover, no binding of 

thymocytes is observed when cells are incubated with control ICAM-

3-Fc (A). Co-staining with the apoptosis markers Annexin V and 7-

AAD shows that DC-SIGN binding cells are Annexin V+/7AAD+ 

apoptotic cells (B). Furthermore, analysis for expression of CD4 and 

CD8 on thymocytes revealed that among the apoptotic cells only DP, 

apoptotic thymocytes are bound by DC-SIGN. SP cells that 

underwent cell death by freezing/thawing do not bind DC-SIGN (C). 

A typical experiment out of 3.  

 

 

Stimulation of TCR together with co-stimulation by VCAM-1 induces in vitro positive 

selection of thymocytes 

In order to provide further evidence, that cortical, VCAM-1/DC-SIGN expressing hAPC may be 

involved in positive selection of thymocytes we investigated whether VCAM-1 may also act as a 

co-stimulatory molecule in positive selection. Thymocytes were cultured in the presence of 

immobilized anti-CD3 antibodies or VCAM-1-Fc alone or co-immobilized. In addition DC-

SIGN-Fc was included in the analysis. After 40h of culture total thymocytes were harvested and 

viable thymocytes were analyzed for the expression of CD4/CD8 and CD3/CD69. Stimulation 
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with anti-CD3 antibodies, VCAM-1-Fc or DC-SIGN-Fc alone did not result in any difference in 

CD4/CD8 nor CD3/CD69 expression compared to unstimulated cells (Fig. 7, A-D). Also 

thymocytes cultured on immobilized anti-CD3 antibodies co-immobilized DC-SIGN did not 

result in any difference in CD4/CD8 nor CD3/CD69 expression (Fig. 7 E). However, thymocytes 

cultured on immobilized anti-CD3 antibodies co-immobilized with VCAM-1 changed 

considerably in both CD4/CD8 as well as CD69 expression. Thymocytes became CD8 SP and 

CD69high (Fig. 7 F). As a control, a gate was set on CD69high thymocytes (Fig. 7 F) for reanalysis 

of this population for CD4 and CD8 expression, which shows that CD69high thymocytes are 

indeed almost exclusively CD8 SP (Fig. 7 G). These results indicate that in vitro positive 

selection can be achieved by providing two signals to the thymocytes, namely triggering of the 

TCR by anti-CD3 antibodies along with co-stimulation with recombinant VCAM-Fc that 

interacts with VLA-4 on thymocytes. Either signal alone, however, does not induce positive 

selection. DC-SIGN seems not to have a co-stimulatory capacity. This is in line with the result 

that DC-SIGN is involved in binding of apoptotic cells. The reason why we obtain only CD8 

positive thymocytes is probably due to the fact that it was stimulated with anti-CD3 antibodies in 

vitro. It is possible that an additional signal is required for the development of CD4 T-cells that 

may be given by the APC. Taken together, VCAM-1, that is prominently expressed on cortical 

hAPC does not only bind to a specific subpopulation of DP thymocytes, defined by a stage just 

prior to positive selection, but also acts as a co-stimulatory molecule in positive selection 

whereas DC-SIGN is a receptor that can mediate binding to apoptotic thymocytes.  

 
 

Fig. 7. Stimulation of thymocytes via the TCR/CD3 complex together with co-stimulation provided by recombinant 

VCAM-1-Fc induces positive selection of thymocytes in vitro. Total thymocytes were cultured untreated (A), in the 

presence of plate-coated anti-CD3 antibodies (10 ng/ml, B), DC-SIGN-Fc (1 µg/ml, C) or VCAM-1-Fc (1 µg/ml, D) 
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alone or in the presence of both, anti-CD3 antibodies and DC-SIGN-Fc (E) or VCAM-1-Fc (F) for 40h. Then, 

viable, annexin-negative thymocytes were analysed for CD3/CD69 as well as CD4/CD8 expression. The gate set on 

CD69high thymocytes in (F) was reanalysed for CD4/CD8 expression in (G). A typical experiment out of 3. 

 

Discussion 

We have previously shown that DC-SIGN expressing hAPC are exclusively present in the cortex 

of the human thymus and function in removal of apoptotic cells from the thymic cortex. In situ 

these hAPC are distinctively located in clusters of apoptotic cells (Paessens et al. submitted). 

Because of the association of cortical hAPC with apoptotic thymocytes we were prompted to 

examine whether DC-SIGN may act as a recognition and adhesion receptor for apoptotic cortical 

thymocytes. Indeed we observed that DC-SIGN interacts with a small amount of cells present in 

freshly isolated thymocyte suspensions. These DC-SIGN binding cells were slightly enriched in 

DP thymocytes. This is in agreement with the location of DC-SIGN expressing hAPC in the 

thymic cortex, but not in the medulla of the thymus. We further revealed that the great majority 

of DC-SIGN binding cells are apoptotic. Most DC-SIGN binding apoptotic cells were in an early 

stage of apoptosis and Annexin V+ but included also late apoptotic Annexin V+/7-AAD+ cells. 

The fact that DC-SIGN mainly binds early apoptotic cells is in line with the necessity that 

apoptotic thymocytes need to be quickly removed form the cortex.  

Interestingly, we found that DC-SIGN binds apoptotic thymocytes that were induced to undergo 

apoptosis by freezing/thawing but not by using peroxynitrite. The apoptotic cells induced by 

freezing/thawing were mainly in a late stage of apoptosis and Annexin V+/7-AAD+, which may 

be due to membrane injury caused by this method. This may provide an explanation for the 

binding of DC-SIGN specifically to apoptotic cells generated by freezing/thawing. It is possible 

that intracellular factors are released to the surface of the cell when it undergoes apoptosis. These 

intracellular factors present on the cell surface may then mediate interaction of DC-SIGN with 

apoptotic thymocytes. Interestingly, DC-SIGN has been demonstrated to specifically recognize 

high mannose glycoconjugates. High mannose glycoproteins can normally only be found 

intracellular but not on the cell surface of a viable cell. They can be however exposed to the cell 

surface when cells undergo cell death. This can occur very early in apoptosis18. However, why 

other stimuli than freezing/thawing do not generate apoptotic cells that interact with DC-SIGN 

remains to be determined as well as the stimulus that is required in the human thymus to generate 

apoptotic cells that can interact with DC-SIGN. It can be however imagined that the cell-cell 

interactions between cortical hAPC and thymocytes are causative for the specific induction of 

apoptotic cells that can interact with DC-SIGN. 
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In addition to DC-SIGN the adhesion and co-stimulatory molecule VCAM-1 is expressed on 

cortical hAPC. VCAM-1 exclusively binds DP thymocytes in a developmental stage prior to 

positive selection in vitro. Moreover VCAM-1 acts as co-stimulatory molecule in positive 

selection of thymocytes in vitro. The presence of both VCAM-1 and DC-SIGN on cortical hAPC 

suggests therefore a dual function in both positive selection and removal of apoptotic 

thymocytes. The clustering of apoptotic thymocytes around cortical hAPC in situ may result 

from “death by neglect” or deletion at the DP stage. Although we cannot exclude the possibility 

that cortical hAPC remove apoptotic thymocytes that failed selection on peptide-MHC presented 

by cortical epithelial cells we suppose that the distinctive accumulation of apoptotic thymocyte 

surrounding VCAM-1/+DC-SIGN+ hAPC may be rather the result of selection of thymocytes on 

peptide-MHC presented by these cortical hAPC. This is in line with the fact that VCAM-1 

adheres specifically to DP thymocytes in a developmental stage prior to TCR engagement as 

evidenced by the absence of CD69 expression on these cells. The fact that VCAM-1 both 

adheres to DP thymocytes as well as co-stimulates their positive selection offers the possibility 

that if the TCR interaction is not strong enough to induce positive selection and therefore 

survival of the cell it may die in close proximity of the hAPC and detach from VCAM-1. With 

regard to the co-expression of DC-SIGN and VCAM-1 on cortical hAPC it can be imagined, that 

if a thymocyte is neglected DC-SIGN may be involved in taking over the cell to instantly remove 

it from the cortex. In addition, this model may also explain removal of thymocytes deleted at the 

DP stage. If the interaction between TCR and peptide-MHC is too strong the thymocyte is 

deleted. DC-SIGN may then take over the cell for uptake.  

The comparison of VCAM-1 and DC-SIGN binding cells by expression of CD69 agrees with 

these concepts. We showed that thymocytes that bind VCAM-1 exhibit intermediate expression 

levels of CD3 while CD69 expression is absent or low and correspond to a phenotype prior to or 

just starting TCR engagement. Transmission of a TCR signal leads then to either positive or 

negative selection. Both should be accompanied by upregulation of CD3 and CD69. The fact that 

DC-SIGN-binding cells contain a population of CD3high CD69high cells may indicate that at least 

some of the DC-SIGN binding apoptotic cells are in a developmental stage further than VCAM-

1 binding cells and had therefore received a TCR signal that resulted in negative selection. In 

contrast the fact that DC-SIGN binding cells contain also a population of CD3int and CD69- cells 

suggests that these cells are neglected thymocytes that did not receive a TCR signal. It is 

therefore tempting to speculate that cortical hAPC are implicated in both positive and negative 

selection of thymocytes at the DP stage. 
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Abstract 

T-cell differentiation in the thymus depends on positive selection of CD4+CD8+ double positive 

(DP) thymocytes by thymic major histocompatibility complex (MHC) molecules. Positive 

selection allows maturation of only those thymocytes that are capable of self-peptide–MHC 

recognition. Thymocytes that fail to bind self-peptide-MHC die by apoptosis. An important 

question in thymocyte differentiation is whether co-stimulation is required for positive selection 

and on which cells co-stimulatory molecules may be expressed in the thymus. The vascular cell 

adhesion molecule (VCAM-1) and the intercellular cell adhesion molecule (ICAM-1) are known 

to be potent co-stimulatory molecules in activation of peripheral T-cells by interacting with the 

integrins VLA-4 and LFA-1, respectively. We were prompted to investigate whether VCAM-1 

and ICAM-1 may also act as co-stimulators during selection of thymocytes. By using 

recombinant proteins of murine VCAM-1 and ICAM-1 fused to the Fc region of human IgG1 

(rVCAM-1, rICAM-1) we examined the capacity of VCAM-1 and ICAM-1 to act as co-

stimulatory molecules in positive selection in vitro. Triggering the CD3/TCR complex together 

with co-stimulation applied by rVCAM-1 or rICAM-1 induced the generation of CD4+ single 

positive (SP) thymocytes from CD4+CD8+ DP thymocytes whereas either signal alone did not 

result in generation of CD4+ SP thymocytes. VCAM-1 and ICAM-1 act therefore as co-

stimulatory molecules in thymocyte positive selection in vitro. The generation of CD4+ SP cells 

is accompanied by cell survival both when it was co-stimulated with rVCAM-1 and with 

rICAM-1. Importantly we show here that VCAM-1 expression in the murine thymus is restricted 

to cortical F4/80 positive hematopoietic antigen presenting cells (hAPC) present exclusively in 

the cortex whereas expression of ICAM-1 has been reported on the epithelium both in cortex and 

medulla. This suggests that not only the cortical epithelium may use the co-stimulatory molecule 

ICAM-1 to mediate positive selection, but also cortical hAPCs may contribute to positive 

selection of thymocytes by using the co-stimulator VCAM-1.  

 

Introduction 

T lymphocytes make use of the CD3-T-cell receptor (TCR) complex during specific recognition 

of antigen in the context of products of self-major histocompatibility complex (MHC) genes 

expressed on the surface of antigen-presenting cells (APC). The CD3–TCR complex participates 

in signal transduction to initiate the activation of T cells 1,2. In addition, the activation of T-cells 

requires the participation of co-stimulatory signals, which are provided by co-stimulatory 

molecules present on APCs 3-6. 
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During T- cell development positive and negative selection require likewise the interaction of the 

TCR molecules expressed on developing thymocytes with MHC/peptide complexes on the 

surface of thymic antigen presenting cells. The rescue of CD4+CD8+ DP thymocytes in positive 

selection with self-MHC-restricted TCR is accompanied by lineage decision: Thymocytes 

selected by recognition of MHC class I molecules down-regulate CD4 and become CTL 

precursors maintaining the co-receptor CD8 7,8, whereas those selected by MHC class II down-

regulate CD8 and become Th cell precursors maintaining the co-receptor CD4 9,10. It has been 

shown that negative selection of CD4+CD8+ DP thymocytes requires both a TCR signal and co-

stimulation to induce apoptosis 11. Moreover it has been proposed that for positive selection of 

thymocytes co-stimulation may be required as well 12,13. Different molecules expressed on the 

surface of CD4+CD8+ DP thymocytes have been shown to possess “coinducing” activity when 

activated in vitro by stimulation with immobilized antibodies directed against these molecules 

together with co-immobilized antibodies against the TCR 12. 

It is well established that the adhesion receptors VCAM-1 and ICAM-1 co-stimulate T-cell 

proliferation via the integrins VLA-4 and LFA-1, respectively 3,5,6. Therefore we were prompted 

to investigate whether VCAM-1 and ICAM-1 may also co-stimulate positive selection of 

thymocytes. Indeed we report here that when CD4+CD8+ DP thymocytes are cultured in the 

presence of plate bound antibodies directed against TCR/CD3 co-immobilized with rVCAM-1 or 

rICAM-1 in vitro positive selection is induced resulting in generation of CD4 SP cells. Positive 

selection of CD4 SP cells is accompanied by survival of thymocytes. Interestingly we observed 

that in the murine thymus VCAM-1 is almost exclusively expressed on F4/80+ macrophages in 

the cortex whereas it is known that ICAM-1 is expressed on the thymic epithelium in cortex and 

medulla. The expression of ICAM-1 on the epithelium is in line with a function of cortical 

epithelial antigen presenting cells in positive selection. Interestingly, however, the fact that the 

co-stimulatory molecule VCAM-1 is expressed exclusively on cortical hAPC suggests that these 

hematopoietic cells may contribute to thymic positive selection as well.  

 

Materials and methods 

Reagents: H57-597 (anti-TCRα/β, Biolegend), anti-CD8-APC (Pharmingen), anit-CD4-PERCP 

(Pharmingen), anti F4/80 (Pharmingen), anti-VCAM-1-biotin (MVCAM.A; Biolegend), anti-

CD69-PE (eBioscience), Annexin-V, 7-AAD (Pharmingen), recombinant VCAM-1-Fc and 

ICAM-1-Fc (R&D Systems), Human IgG1 isotype control antibody (Serotec). 
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Cell preparations: Thymi were obtained from up to 2 weeks old C57BL/6 mice and after 

mincing the thymus a single cell suspension was prepared. Fragments of some specimens were 

flash-frozen in liquid nitrogen and stored at -80°C. 

 

In vitro positive selection: CD4+CD8+ DP thymocytes were isolated from total thymocyte 

suspensions using MACS CD8 T-cell isolation kit (Miltenyi). 96-well flat bottom tissue culture 

plates (Maxisorp, NUNC) were pre-coated with anti-CD3 antibodies (clone 145-2C11 at 10, 100 

and 1000 ng/ml) and/or recombinant VCAM-1 or ICAM-1 (at 1, 2 and 5 µg/ml, diluted in 0.05 

M sodium hydrogen carbonate buffer, pH 9,2) and incubated for 1h at 37°C. Wells were washed 

in RPMI containing 10% FCS. Thymocytes were added to the wells in RPMI containing 10% 

FCS in the presence or the absence of the specific MEK inhibitor U0126 (10 µM, Calbiochem). 

Cells were harvested after 65h of culture and subjected to flow cytometry by staining with 

CD69-PE, CD4-PERCP, CD8-APC. Viable cells were clearly distinguishable from apoptotic 

cells according to forward side-scatter criteria, which was confirmed by the apoptosis markers 

Annexin-V (BD Pharmingen) and 7-AAD (Molecular Probes, Eugene, OR) (data not shown).  
 

Immunohistochemical analysis: Briefly, cryostat sections of thymic tissue were cut in 8-µm 

sections, air-dried overnight, and fixed in acetone for 10 minutes at room temperature. Primary 

antibodies diluted in PBS/1% BSA were added directly onto the sections and incubated for 30 

min. For immunofluorescence, Alexa Fluor® 488 F(ab')2 fragment of goat anti-rat IgG  and 

Alexa Fluor® 594 conjugated Avidin (both Molecular Probes, Eugene, OR) were used. As 

primary antibodies F4/80 and VCAM-1 were used. A sequential staining procedure was 

performed. First sections were incubated with anti-F4/80. After washing secondary goat ant-rat 

Alexa 488 was added. After washing again, sections were blocked with rat serum followed by 

incubation of biotinylated anti-VCAM-1 antibodies. Slides were washed again and incubated 

with Alexa 594 -conjugated Avidin. 

 

Results 

Costimulatory effect of VCAM-1 and ICAM-1 co- immobilized with anti-CD3 antibodies 

induces in vitro positive selection. 

Positive selection of thymocytes occurs at the CD4+CD8+ DP stage of T-cell development. 

Therefore CD4+CD8+ DP thymocytes were isolated for in vitro positive selection (Figure 1). 
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Fig. 1. Purification of CD4+CD8+ DP murine thymocytes by selection on MACS CD8 beads. Purity was analysed by 

staining with CD4 and CD8. Total thymocytes, left panel. After purification, right panel. 

 

At varying concentrations rVCAM-1, rICAM-1 (1, 2 and 5 µg/ml) and anti-CD3 mAb (1, 10, 

100, 1000 ng/ml) were immobilized alone or co-immobilized in microtiter plates. Thymocytes 

were cultured on these plates for 65h and subsequently analysed by FACS for their expression of 

CD4 and CD8. Apoptotic cells in the cultures were distinguished from viable cells by Forward 

Scatter. This approach was confirmed by using the apoptosis markers Annexin V and 7-AAD 

(data not shown). We observed that CD4 SP thymocytes develop from CD4+CD8+ DP 

thymocytes when anti-CD3 mAb is co-immobilized with either rVCAM-1 or rICAM-1. 

Figure 2 demonstrates a typical experiment in which 100 ng/ml anti-CD3 co-immobilized with 2 

µg/ml rVCAM-1 or rICAM-1 was used (Figure 2d, f, respectively). No generation of CD4 SP 

thymocytes occurred when thymocytes were cultured without stimuli or were stimulated with 

anti-CD3 mAb, rVCAM-1 or rICAM-1 alone (Fig. 2 a-c, e, respectively). Thymocytes were also 

cultured on control human IgG1 either alone (g) or co-immobilized with anti-CD3 antibodies (h) 

to exclude that the Fc-tail of rVCAM-1 and rICAM-1 may be involved in the generation of CD4 

SP thymocytes and as expected no CD4 SP cells were generated. 

To further underscore these findings we investigated whether another indicator of positive 

selection namely CD69 was expressed when thymocytes developed from CD4+CD8+ DP to CD4 

SP cells. It is known that CD69 is induced at an early stage of positive selection 14 and requires 

T-cell receptor (TCR) engagement on thymocytes by MHC 15. When positive selection occurs 

CD4+CD8+ DP thymocytes increase their expression of the CD69 antigen 16-20 and progressively 

decrease either CD4 or CD8 21,22. When stimulated with both a TCR signal and rVCAM-1 or 

rICAM-1 thymocytes did not only become CD4 SP but also increased expression of CD69 here 

shown in combination with expression of TCR α/β (Fig. 2d, f). No generation of thymocytes 

with increased CD69 expression occurred when thymocytes were stimulated with either anti-

CD3 mAb or rVCAM-1 or rICAM-1 alone, when cells were cultured without stimuli or when 

control human IgG1 was used (Fig. 2a-c, e, g, h respectively). Hence, stimulation of the 

TCR/CD3 complex together with co-stimulation by VCAM-1 or ICAM-1 induces positive 
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selection accompanied by lineage decision to CD4 SP thymocytes. This is further accompanied 

by upregulation of CD69. 

 

 

 

 

 

 
 

 

Fig. 2. Stimulation of the TCR/CD3 complex 

together with co-stimulation provided by 

rVCAM-1 or rICAM-1 induces positive 

selection of thymocytes in vitro. Thymocytes 

were cultured either untreated (a) or in the 

presence of plate-coated anti-CD3 antibodies 

(100 ng/ml; b), mVCAM-1-Fc (c) and ICAM-1-

Fc (e) (both at 2 µg/ml) alone or in the presence 

of both, anti-CD3 and rVCAM-1 or rICAM-1 

(d, f, respectively). To control for recombinant 

Fc-conjugated rVCAM-1 and rICAM-1 

thymocytes were also cultured on human IgG1 

alone (g) and in the presence of both human 

IgG1 and anti-CD3 antibodies (h). Viable 

thymocytes were analysed after 65h of culture 

by staining with CD4, CD8 and CD69.  
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The costimulatory effect of VCAM-1 and ICAM-1 co- immobilized with anti-CD3 antibodies is 

concentration dependent. 

We further examined the dependence of in vitro positive selection on the concentration of 

immobilized CD3 antibody and rICAM-1 or rVCAM-1. Figure 3a shows that generally 

increasing concentrations of both CD3 antibody and rVCAM-1 or rICAM-1 when co-

immobilized augmented the amount of SP cells generated, which is associated with increased 

viability of the thymocytes (Figure 3b). However, using high concentrations of co-stimulatory 

molecules and anti-CD3 antibody i.e. using 1000 ng/ml CD3 antibody co-immobilized with 2 

and 5 µg/ml ICAM-1 did result in slightly less positively selected cells compared to using 100 

ng/ml CD3 antibody. This may be attributed to a desensitizing effect on thymocytes at high CD3 

antibody and costimulatory molecule concentrations. As expected control human IgG1 did 

neither induce positive selection nor did it result in increased survival of thymocytes and no 

positive selection and survival were observed when thymocytes were stimulated with either anti-

CD3 mAb, VCAM-1 or ICAM-1 alone or when cells were cultured without stimuli (Fig. 3 a, b).  

 

 
Fig. 3. In vitro positive selection 

and survival of thymocytes 

increases along with increasing 

concentration of anti-CD3 

antibodies and increasing 

concentrations of the co-

stimulatory molecules rVCAM-1 

and rICAM-1. (a), Increased 

generation of CD4 SP thymocytes 

both with rising co-stimulatory 

molecule (1, 2 and 5 µg/ml) 

concentration and anti-CD3 

antibody concentration (10, 100, 

1000 ng/ml). (b), Along with the 

induction of in vitro positive 

selection increased survival of 

thymocytes can be observed with 

increasing concentrations of anti-

CD3 or co-stimulatory molecules. 

 



Chapter 4 

 66 

In vitro positive selection can be blocked by the MEK inhibitor U0126. 

There is general agreement that the Ras/MAPK signalling pathway is required for differentiation 

of T-cells in the thymus. It has been shown that thymocytes can be driven from the CD4+CD8+ 

DP to the SP stage of thymocyte development by culture in the presence of phorbol esters and 

calcium ionophore that appear to directly activate the signalling pathways required for positive 

selection 13. The selective MEK inhibitor U0126 can inhibit PMA- and ionomycine mediated 

thymocyte differentiation 23,24. We were therefore prompted to investigate whether in vitro 

positive selection induced by stimulation with anti-CD3 antibodies and VCAM-1 or ICAM-1 can 

be likewise inhibited by U0126. Addition of 10 µM U0126 completely inhibited development of 

CD4 SP cells both when it was co-stimulated with VCAM-1 or ICAM-1 and anti-CD3 

antibodies (Figure 4). This supports the notion that the RAS/MAPK signalling pathway is 

required for positive selection of CD4 T-cells. 

 

 

 

 

 
Fig. 4. In vitro positive selection of thymocytes induced by 

TCR and VCAM-1 or ICAM-1 is Ras/MAPK dependent. 

Positive selection induced by immobilized anti-CD3 

antibodies (100 ng/ml) co-induced with recombinant VCAM-

1 or ICAM-1 (2 µg/ml) is completely abrogated when the 

MEK inhibitor U126 (10 µM) was added at the beginning of 

the culture. No CD4 SP cells are generated and no 

upregulation of CD69 can be detected. 

 

 

 

 

 

Expression of VCAM-1 on hematopoietic antigen presenting cells in the murine and human 

thymic cortex. 

The presented results strongly suggest that VCAM-1 and ICAM-1 play a key role as co-

stimulatory molecules during positive selection in the thymus. ICAM-1 is known to be expressed 
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on both cortical and medullary epithelium in the thymus 25-29. This was confirmed by staining 

sections of murine thymus with ICAM-1 (Figure 5a) showing both cortical and medullary 

expression of ICAM-1. The fact that ICAM-1 is expressed on the cortical epithelium is in line 

with the concept that cortical epithelial cells positively select thymocytes.  

Despite the fact that a previous report has shown expression of VCAM-1 on the thymic 

epithelium 30 we were not able to detect significant expression of VCAM-1 on epithelial cells. 

However we observed VCAM-1 to be distinctively expressed on scattered cells exclusively 

present in the thymic cortex. We suspected that those cells represent cortical F4/80+ 

macrophages previously reported to be present in the murine thymic cortex 31 and therefore co-

stained VCAM-1 with F4/80. As expected, complete co-localization of F4/80 and VCAM-1 was 

observed (Figure 5b). The high expression of the co-stimulatory molecule VCAM-1 on these 

hAPC argues strongly in favour of a role of these cells in positive selection of thymocytes. 

 

 
 

Fig. 5. (a), ICAM-1 is expressed on both cortical and medullary epithelium of the murine thymus (b), 

F4/80/VCAM-1 positive cells are localized exclusively in the thymic cortex and exhibit dendritic cell morphology. 

(F4/80 positive cells in green; VCAM-1 positive cells in red; merged).  
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Discussion 

The co-stimulatory capacity of VCAM-1 and ICAM-1 in activation of peripheral T-cells via the 

integrins VLA-4 and LFA-1, respectively is well described 3,5,6. It is a matter of debate whether 

co-stimulation is also necessary for positive selection of thymocytes 32. On the thymic cortical 

epithelium few candidate molecules have been identified so far 12 although ICAM-1 is known to 

be broadly expressed in the thymus in both medulla and cortex. Therefore we were prompted to 

investigate whether VCAM-1 and ICAM-1 may act as co-stimulatory molecules in positive 

selection of thymocytes in vitro. We have made use of an in vitro culture system using 

immobilized mAb directed against TCR/CD3 complex and rVCAM-1 or rICAM-1 to test the 

ability of these co-stimulatory molecules to co-stimulate T-cell positive selection. When positive 

selection occurs CD4+CD8+ DP thymocytes increase their expression of CD69 antigen 16-20 and 

become either CD4 or CD8 SP 21,22. In line with this we observed generation of CD4 SP 

thymocytes from CD4+CD8+ DP thymocytes when cultured on plate-bound anti-CD3 mAb co-

immobilized with VCAM-1 or ICAM-1. Moreover CD69 was upregulated. Generation of CD4 

SP from CD4+CD8+ DP thymocytes was absolutely dependant on both co-stimulation with 

VCAM-1 or ICAM-1 and stimulation of the CD3-TCR complex with anti-CD3 mAb. VCAM-1, 

ICAM-1 or anti-CD3 antibodies alone were not able to generate CD4 SP thymocytes. The fact 

that we obtain exclusively CD4 SP thymocytes may be due to other factors that may be 

necessary to result in development of CD8 SP cells. Others have also observed a preference for 

lineage decision to CD4 cells in mice in vitro using however co-inducers other than VCAM-1 

and ICAM-1 12,33.  

Along with positive selection we observed an increase in viability. It has been previously 

reported that stimulation of the TCR co-stimulated with VCAM-1 protects thymocytes from 

steroid induced apoptosis 34. In fact here we show that the survival of thymocytes both when co-

stimulated with VCAM-1 or with ICAM-1 is accompanied by positive selection. We further 

demonstrated that the efficiency of positive selection increases with increasing concentration of 

CD3 antibodies, VCAM-1 and ICAM-1.  

It has been previously reported that PMA and Ionomycine can mediated thymoyte differentiation 

in vitro. In these studies it was proposed that this stimulation triggers the Ras/MAPK signalling 

pathway as the inhibitor the MEK inhibitor U0126 blocked in vitro positive selection by PMA 

and Ionomycine. In line with these data we show that the MEK inhibitor U0126 also inhibited in 

vitro positive selection induced by anti-CD3 antibodies and co-stimulation by ICAM-1 or 

VCAM-1.  
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As co-stimulation appears to be required for positive selection at least in vitro we were 

interested to know, which cell types express the co-stimulatory molecules VCAM-1 and ICAM-1 

in the thymus to identify the antigen presenting cells in the thymus that potentially make use 

these molecules for selection. ICAM-1 expression has been documented in both cortex and 

medulla of the thymus on epithelial cells, which confirms the concept that the cortical epithelium 

positively selects thymocytes. The fact that ICAM-1 is also localized in the medulla may indicate 

that ICAM-1 also participates as co-stimulatory molecule in negative selection; however the here 

presented data and a previous report investigating ICAM-1 in negative selection 35 do not 

support this.  

In contrast to the expression of ICAM-1 we found VCAM-1 to be exclusively expressed in the 

murine thymic cortex on antigen presenting cells of hematopoietic origin identified by the 

macrophage marker F4/80. Distinctively, these cortical F4/80 positive cells have been shown to 

be potent phagocytes that remove apoptotic thymocytes form the thymic cortex 31. In contrast to 

others 30 we did not detect expression of VCAM-1 on the thymic cortical epithelium. The 

observed prominent expression of VCAM-1 on F4/80 positive cells argues strongly for the fact 

that these cortical hematopoietic APCs are involved in positive selection of thymocytes. It may 

be therefore necessary to re-evaluate the question whether cortical F4/80 positive hematopoietic 

APCs in the murine thymic cortex can indeed be designated macrophages. Although it has been 

clearly shown that these cells remove apoptotic thymocytes from the murine thymic cortex 31 the 

discovery that these cells are strongly expressing the co-stimulator VCAM-1 argues in favour of 

the hypothesis that these cells have the capacity of antigen presentation and could be therefore 

designated dendritic cell as well. This raises the possibility that VCAM-1+/F4/80+ cortical hAPC 

have a dual function in positive selection and removal of thymocytes. Further research is 

however necessary to further underscore this assumption.  

Taken together, we identified and characterized VCAM-1 and ICAM-1 as co-stimulatory 

molecules, which are required for positive selection in vitro. Whereas the expression of ICAM-1 

on epithelial cells supports the concept that cortical epithelial cells positively select thymocytes, 

the detection of VCAM-1 exclusively expressed on cortical F4/80+ macrophages strongly 

suggests that also these hAPC participate in positive selection.  
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Abstract 

The C-type lectin macrophage galactose-type lectin (MGL) is expressed by macrophages and 

immature dendritic cells (DCs) and mediates binding to glycoproteins and lipids carrying 

GalNAc moieties. MGL expression has been detected on macrophage or dendritic cells in lymph 

node and skin. Moreover MGL expressed on immature DCs has been shown mediate specific 

interaction with T-cell lines and effector T-cells. 

Here we performed an analysis of MGL expression in the thymus. We found that MGL is 

expressed on macrophages located in close proximity to both blood and lymph vessels present in 

the septa of the thymus. Moreover recombinant MGL interacts with both blood and lymph 

vessels in an α-GalNAc-dependent manner. In vitro recombinant MGL binds to the endothelial 

cell line HMEC-1. Incubation of MGL+ APC with HMEC-1 endothelial cells does not induce 

migration but retention through these α-GalNAc restraints. We suggest that MGL+ APC 

surrounding thymic blood and lymph vessels in the septa of the thymus allow MGL+ cells to 

remain at that site by interaction with α-GalNAc structures present on the vessels. The resulting 

arrangement of macrophages intimately associated in particular with blood vessels in the septa 

remind of sinusoids in the spleen with a function in antigen uptake out of blood. In conclusion, in 

contrast to receptors that drive APC migration, MGL-α-GalNAc interactions may facilitate 

retention of macrophages associated with septal vessels, an arrangement that may function in 

filtering the blood for antigen. 

 

Introduction 

Professional antigen presenting cells (APC), such as DCs or macrophages are seeded throughout 

all peripheral tissues where they scan their surroundings for incoming pathogens 1. APC play an 

essential role in the uptake of self and pathogenic antigens. In addition to immunity, APC 

contribute to tolerance by induction of T-cell unresponsiveness 2,3, apoptosis or induction of 

regulatory T-cells. Recently, it has been reported that the C-type lectin MGL on immature 

dendritic cells may be involved in mediating downregulation of effector T-cell function and T-

cell death by interaction with CD45 avoiding potentially harmful T-cell activation 4. Moreover 

MGL has been shown to function as an antigen uptake receptor 5. Several lines of evidence 

suggest that MGL may also be involved in the trafficking of APC that express this α/β-GalNAc-

specific lectin 6.  

In the present study we were prompted to examine a potential role of the C-type lectin MGL in 

the human thymus. We show that MGL is expressed in particular on macrophages surrounding 
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septal blood and lymph vessels in the human thymus. By lectin histochemisty using recombinant 

MGL we discovered that MGL ligands are present on blood and lymph endothelium that are 

surrounded by MGL expressing cells. In vitro recombinant MGL interacted with HMEC-1 

endothelial cells. In migration assays using MGL expressing APC and HMEC-1 endothelial cells 

we found that MGL on these cells is not responsible for induction of migration. In contrast, 

MGL mediated retention of human APC. Abortion of MGL interactions with HMEC-1 

endothelial cells enhanced DC trafficking and migration. Thus, in the thymus, MGL+ APC may 

be kept in proximity of blood vessels by the interaction of MGL with the vessels forming a 

morphological arrangement that is similar to splenic sinusoids.  

 

Materials and Methods 

Cells and reagents: Monocyte-derived immature DCs/macrophages were cultured for 4-7 days 

from monocytes obtained from buffy coats of healthy donors (Sanquin, Amsterdam) in the 

presence of IL-4 and GM-CSF (500 U/ml and 800 U/ml respectively, Biosource, Camarillo, 

CA). HMEC-1 cells were cultured in MCDB 131 medium (Invitrogen, Carlsbad, CA) 

supplemented with 10% FCS, 10 ng/ml epidermal growth factor and 1 µg/ml hydrocortisone. 

Human umbilical vein endothelial cells (HUVEC) were isolated as previously described 7 and 

cultured in M199 medium (Cambrex, East Ruhterford, NJ) supplemented with 10% human 

serum, 10% newborn calf serum, 5 U/ml heparin and 5 ng/ml basic fibroblast growth factor. 

Polyacrylamide (PAA)-coupled glycoconjugates were purchased from Lectinity (Lappeenranta, 

Finland). Biotinylated Helix pomatia agglutinin (HPA) was purchased form Sigma Aldrich (St. 

Louis, Mo). Biotinylated Maackia amurensis agglutinin (MAA), Sambucus nigra agglutinin 

(SNA) and Ulex europaeus agglutinin-1 (UEA-1) were purchased from Vector Laboratories 

(Burlingame, CA). MGL-Fc, containing the human IgG1 Fc domain, was generated as 

previously described 6. An MGL-murine Fc fusion protein was generated by cloning the 

extracellular part of MGL (amino acids 61-289) at the C-terminus into an pcDNA3 expression 

vector containing exon 1-3 of murine IgG2A-Fc 8.  

 

Immuno- and Lectin-histochemistry: Cryosections of healthy tissues (7 µm) were fixed with 

2% paraformaldehyde. MGL-mFc (25 µg/ml) or rabbit polyclonal anti-MGL (generated by 

immunization with the following C-terminal peptide HWVCEAGLGQTSQESH) were added in 

TSM buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM CaCl2, 2 mM MgCl2) and 

incubated for 1 hour at 37°C. Binding was detected with secondary Alexa 488- and 594-
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conjugated goat anti-mouse IgG2A-specific antibodies or goat anti-rabbit IgG antibodies 

(Molecular Probes, Eugene, OR). Where indicated, sections were co-stained using primary 

mouse antibodies to Lyve-1 (HC) 9,10, CD31 (9G11), CD14 (IM0644), CD11b (bear-1) for 1 

hour at 37°C, followed by secondary Alexa 488-conjugated goat anti-mouse IgG1-specific 

antibodies (Molecular Probes). Sections were counterstained using Hoechst. 

 

Flowcytometry and MGL-Fc binding: Cells were incubated with primary antibody (5 µg/ml), 

followed by staining with a secondary FITC-labeled goat anti-mouse antibody (Zymed, San 

Francisco, CA) and analyzed on FACScalibur (BD Biosciences, San Diego, CA). To assess the 

expression of carbohydrate epitopes on the cell surface, cells were incubated in 10 µg/ml of the 

biotinylated plant/snail lectins in TSM supplemented with 0.5% BSA for 30 min at 37°C, 

followed by staining with a Alexa 488-conjugated streptavidin (Molecular Probes) and analyzed 

on FACScalibur. To analyze MGL ligand expression, cells were incubated with MGL-Fc (10 

µg/ml) in TSM supplemented with 0.5% BSA for 30 min at 37°C, followed by staining with a 

secondary FITC-labeled anti-human Fc antibody (Jackson, West grove, PA) and analyzed on 

FACScalibur. In blocking experiments, MGL-Fc was preincubated for 15 minutes at room 

temperature with 10 mM EGTA, 100 mM free GalNAc (Sigma Aldrich, St. Louis, MO), 20 

µg/ml of lectins or 20 µg/ml anti-MGL antibodies.  

 

Migration assays: Transwell 24-well plates (8 µm pore, Greiner Bio-one, Frickenhausen, 

Germany) were coated with 1% gelatine for 1 hour at 37°C. HMEC-1 cells (70.000) were seeded 

on the inserts and after 24 hours 200.000 DC were added to the monolayer of endothelial 

HMEC-1 cells. The lower chamber contained human RANTES (100 ng/ml, Biosource). After 2 

hours at 37°C, the number of transmigrated DC (lower chamber) was determined by 

flowcytometry. Transendothelial migration was measured in the presence or absence of blocking 

or isotype-matched antibodies (20 µg/ml).  

DC migration on coated PAA-glycoconjugates (5 µg/ml) was studied using time-lapse video 

microscopy. 45.000 DCs were added to the plates, allowed to settle for 30 minutes and the 

number of migrating DC was assessed for a 30-minute period. The migration assay was 

conducted in the absence and presence blocking antibodies (20 µg/ml). Migration was scored as 

the percentage of cells displaying spatial movement on the coating, accompanied with changes in 

cell shape. 
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Results 

MGL expression and detection of MGL ligands the human thymus 

Polyclonal rabbit anti-MGL antibodies were generated by immunization with the C-terminal 

peptide HWVCEAGLGQTSQESH of MGL. The specificity of these polyclonal antibodies was 

confirmed by staining CHO cells stably transfected with human MGL (Fig. 1).  

 

  

Fig. 1. Polyclonal MGL antibodies specifically recognize MGL expressed on CHO cells. 

Cytospin preparations of non-transfected and MGL-transfected CHO cells were fixed and stained with rabbit 

polyclonal MGL antibodies and Alexa 488 conjugated secondary goat anti-rabbit antibodies. As expected, MGL 

transfected CHO cells were brightly stained with polyclonal MGL antibodies whereas non-transfected CHO cells 

were not stained. Furthermore, no staining was observed when MGL-transfected CHO cells were stained with rabbit 

pre-immune serum. 

 

To determine the presence of MGL in the human thymus, we labeled cryosections of human 

thymus using these rabbit polyclonal antibodies. We observed that MGL expression is mainly 

present on cells in the interlobular space of the thymus. Accumulation of MGL+ cells was 

observed in the septa of the thymus where the interlobular space merges with the cortico-

medullary junction. Here MGL+ cells appear to form a barrier between capsule and cortico-

medullary junction (Fig. 2A). 

In order to explore the distribution of MGL ligands in tissue we made use of recombinant MGL-

Fc protein consisting of the extracellular domain of MGL fused to the murine IgG2A Fc tail 6. 

Lectin histochemistry with MGL-Fc was used to detect expression of potential MGL ligands in 

situ. Importantly, MGL ligands are present mainly in the interlobular space similar as expression 

of MGL protein. In particular vessels present in the interlobular space interact with MGL-Fc, but 

also the epithelial basal lamina of the capsule is bound by MGL-Fc (Fig. 2B). In addition MGL-

Fc stains the septal areas of the thymus and binds also cells in the medulla of the thymus (Fig. 

2C). MGL-mFc staining was completely abolished by the addition of free GalNac 

monosaccharides (Fig. 2D), demonstrating the specificity of the MGL carbohydrate recognition 
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domain for binding. Thus, both the MGL+ APCs as well as MGL ligands are present in the 

thymus at similar locations. 
 

 

 

 

 

 

Fig. 2. MGL expression and MGL ligands in 

the human thymus.  

(A) Immunoflouresence with anti-MGL 

specific antibodies reveals accumulations of 

MGL+ cells (red) in septa and occasionally 

single cells in the medulla. (B, C) Lectin 

immunohistochemistry using recombinant 

MGL shows interaction with vessels present in 

the interlobular space of the thymus as well as 

with the epithelial basal lamina of the capsule 

(B) and with cells present in the medulla of the 

thymus (C).  (D) No staining was observed in 

the presence of free GalNAc monosaccharides, 

showing the specificity of the MGL binding. 

Nuclei are visualized by staining with Hoechst 

(blue). Original magnifications 200x. 

 

 

 

 

 

 

MGL expression on cells in proximity of lymph and blood vessels and detection of MGL 

ligands on these vessels 

Because of the localization of MGL+ cells in the interlobular space and especially in the septa 

where blood vessels gain access into the thymic stroma we were prompted to investigate whether 

MGL+ cells can be found associated with vessels. As lymph vessels often accompany blood 

vessels, we performed co-staining of MGL and CD31 to identify blood vessels as well as Lyve-1 

to identify lymph vessels. Moreover we were interested to know whether the vessels that carry 
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MGL ligands in the interlobular space are lymph or blood vessels or both. Therefore MGL-mFc 

was co-stained with CD31 and Lyve-1. Fig. 3A shows MGL+ cells in close proximity to Lyve-1 

positive lymph epithelium. MGL+ cells can be also found inside the lumen and crossing the 

lymph epithelium. Moreover MGL ligands are expressed on Lyve-1+ lymph vessels (Fig. 3B).  

 
Fig. 3. MGL+ cells are localized in proximity to lymph vessels that interact with recombinant MGL-Fc by 

lectin histochemisty. (A) MGL+ cells are present in close proximity to large Lyve-1+ lymph vessels in the 

interlobular space. Some MGL+ cells are crossing the lymph endothelium and can be occasionally observed inside 

the lumen of the lymph vessel. (B) Recombinant MGL-Fc binds to Lyve-1+ lymph vessels. Nuclei are visualized by 

staining with Hoechst (blue). Original magnifications 200x (A, left; B); 400x (A, right). 

 

Similar to lymph vessels, MGL+ cells were found in close proximity to CD31+ blood vessels. 

Especially blood vessels located in the septa are closely associated with MGL+ cells and form an 

arrangement that is similar to splenic sinusoids where blood vessels are intimately associated 

with macrophages (Fig. 4A). Staining CD31 and MGLmFc showed that similar to lymph vessels 

also blood vessels express MGL ligands (Fig. 4B). In order to test whether MGL ligands are 

expressed on the basal lamina of the endothelial cells we co-stained MGLmFc and Laminin-5, 

which binds to the basement membrane of vessels as well as the epithelial basal lamina in the 

thymus. MGLmFc and Laminin-5 co-stained, which suggests MGL-mFc binding to the basement 

membrane. A weaker interaction of MGLmFc with the epithelial basal lamina was occasionally 

observed as well (Fig. 4C). 
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Fig. 4. MGL+ cells accumulate in proximity to blood vessels that interact with recombinant MGL-Fc by lectin 

histochemisty. (A) MGL+ cells are present in close proximity to large CD31+ blood vessels present in septa. (B) 

Recombinant MGL-Fc binds to CD31+ blood vessels. (C) Recombinant MGL-Fc binds the basement membrane of 

blood vessels as shown by co-staining with laminin.  Nuclei are visualized by staining with Hoechst (blue). Original 

magnifications 200x (A, B). 

 

  

Fig. 5. Identification of MGL+ cells in the human thymus as macrophages expressing CD14 and CD11b.  

(A) MGL+ cells co-stain with CD14. (B) MGL+ cells double stain with CD11b. 
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MGL specifically interacts with endothelial cells in a α-GalNAc-dependent manner 

Because of the distinctive association of MGL+ cells with blood vessels in the septa that 

resembled spleenic sinusoids we were prompted to investigate whether MGL+ cells in the 

thymus may be macrophages. Therefore MGL was co-stained with CD14 and CD11b. MGL+ 

cells did indeed co-stain with CD14 and CD11b identifying them as macrophages (Fig. 5A, B). 

Because of the localization of MGL+ macrophages associated with blood and lymph vessels and 

because of the specific MGL binding to these vessels we addressed the question whether MGL 

positive macrophages may interact with these vessels. Therefore we examined first the capacity 

of MGL-Fc to bind cultured endothelial cells. Human umbilical vein endothelial cells 

(HUVECs), a model system for endothelial cells lining blood vessels, were not bound by MGL-

Fc (Fig. 6A). Also TNFα, IL-4 or IFNγ stimulation of HUVECs did not upregulate any MGL 

ligand expression (data not shown). However, HMEC-1, a human endothelial cell line that 

expresses also several lymphatic endothelial markers 11, strongly interacted with MGL-Fc (Fig. 

6B). MGL binding could be abrogated by the addition of the Ca2+-chelator EGTA, free GalNAc 

monosaccharides or blocking anti-MGL antibodies 4, demonstrating the specificity of this 

interaction. To explore the nature of the MGL ligand on these cells, we investigated by flow 

cytometry, using well-characterized plant/invertebrate lectins, which glycan epitopes are present 

on HMEC-1 cells. Previous studies have demonstrated a strong correlation between MGL 

binding and the expression of glycan epitopes recognized by the α-GalNAc-specific roman snail 

lectin Helix pomatia agglutinin (HPA) 6. Although the carbohydrate recognition patterns of MGL 

and HPA show a high degree of similarity, HPA recognized some additional terminal GlcNAc-

containing glycans 12. Indeed, HMEC-1 expressed HPA-reactive glycan structures (Fig. 6C). 

HPA binding could be blocked by the addition of free GalNAc, indicating that HPA recognized 

α- GalNAc containing glycans on the HMEC-1 cells. In addition α1-2 linked fucose, α2-3 and 

α2-6 linked sialic acid structures are present on HMEC-1 cells, as visualized by the reactivity of 

Ulex europaeus agglutinin-1 (UEA-1), Sambucus nigra agglutinin (SNA) and Maackia 

amurensis agglutinin (MAA) respectively (Fig. 6C). However, when these lectins were used to 

block MGL-Fc binding, only HPA could significantly interfere with the MGL-HMEC-1 

interaction, suggesting that an α-GalNAc-containing glycoprotein or –lipid constitutes as ligands 

for MGL on HMEC-1 cells (Fig. 6D). Since HPA could only partially inhibit MGL binding, 

additional MGL binding determinants on HMEC-1 cells exist that are probably composed of 

terminal β–GalNAc structures 6.  
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Fig. 6. MGL specifically recognizes HMEC-1 endothelial cells. Binding of MGL-Fc to HUVEC (A) or HMEC-1 

(B) was determined by flow cytometry. MGL-Fc binding to HMEC-1 can be blocked by EGTA, free GalNAc 

monosaccharides and anti-MGL antibodies. (C) HMEC-1 cells express α-GalNAc, α1-2 linked fucose, α2-6 linked 

sialic acid and α2-3 linked sialic acid, as stained by the lectins HPA, UEA-1, SNA and MAA respectively. (D) 

MGL-Fc binding can be partially blocked by the α-GalNAc–specific lectin HPA. * indicates a significant difference 

between the MGL-Fc binding and the MGL-Fc binding in the presence of HPA (p<0.05). All results are 

representative for three independent experiments. 

 

MGL mediates retention of immature dendritic cells 

To evaluate a possible involvement of MGL in macrophage migration, immature 

DCs/macrophages were cultured from monocytes. Immature DCs/macrophages expressed 

moderate levels of MGL (Fig. 7A). Next, we measured the capacity of these DCs to transmigrate 

across an HMEC-1 monolayer. In response to the chemokine RANTES, transmigration of 

immature DCs/macrophages was enhanced about 3-fold and largely dependent on the β2-

integrin, as shown by the block using anti-β2 antibodies (Fig. 7B) 13. Strikingly, anti-MGL 

significantly increased transmigration compared to isotype control antibodies (Fig. 7B).  

To study if α-GalNAc is sufficient to support DC/macrophage migration, we followed 

DC/macrophage mobility on glycoconjugate-coated plates with time-lapse videomicroscopy. 

Migration was scored as the percentage of cells displaying spatial movement on the coating, 

accompanied with changes in cell shape. DCs/macrophages did not interact with the glucitol or 

galactose coating (Fig. 7C). In contrast, DCs firmly adhered to Lewis X and Man3, which 
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inhibited DC mobility. Surprisingly, on GalNAc, DCs displayed a strong migratory movement, 

while continuously interacting with the coated surface (Fig. 7C). Similar to the transmigration 

experiments, anti-MGL antibodies significantly increased the percentage of migrating DCs on 

the GalNAc-coating, as well as the speed by which the DCs moved (Fig. 7D and data not 

shown). The increased migration was not due to a nonspecific effect on the immature DCs, as 

isotype control antibodies did not induce enhanced mobility. Furthermore, the anti-MGL 

antibodies did not have any enhancing effect on DC migration on Lewis X (Fig. 7D). DCs 

incubated with anti-MGL antibodies still interacted with the GalNAc-coated surface, suggesting 

that immature DCs express another GalNAc receptor in addition to MGL. 

 
  

 

 

 

 

Fig. 7. MGL mediates retention of immature DCs. (A) MGL 

expression on immature DCs was determined by flow cytometry. 

Open histogram represents the isotype control and filled histogram 

represents the MGL staining (B) Transwell migration of immature 

DCs across an HMEC-1 monolayer in response to a RANTES 

gradient. Transendothelial migration was measured in the presence of 

antibodies to MGL, β2-integrin or isotype control antibody. * 

indicates a significant difference between the isotype control and the 

anti-MGL (p<0.05). (C and D) DC migration on glycoconjugate-

coated plates was measured using time-lapse video microscopy. Anti-

MGL antibodies increase DC migration on GalNAc, whereas they 

have no effect on the Lewis X coating. ** indicates a significant 

difference between isotype control and the anti-MGL antibodies 

(p<0.01). NS, not significant. All results are representative for two 

independent experiments. 
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Based on our in vitro migration experiments, it is likely that expression of MGL+ macrophage 

and the presence of GalNAc carbohydrates hamper DC migration and favor DC retention in the 

tissue. This in vitro behaviour of MGL+ cells is in line with our observation in the thymic tissue. 

MGL+ macrophages appear to assemble especially around blood vessels in the septa of human 

thymus forming a structure similar to splenic sinusoids.  

 

Discussion 

In the present work we were prompted to investigate the expression and potential function of the 

C-type lectin MGL in the thymus. Analysis of MGL expression revealed MGL+ cells to be 

mainly present in the interlobular space of the thymus and in particular in the septa. We found by 

lectin histochemistry that MGL specifically recognized lymphatic vessels and blood vessels 

indicating that in situ those endothelial cells express GalNAc structures that serve as MGL 

binding determinants. This is in line with our previous studies in which we have shown that the 

GalNAc specific lectin HPA interacts with lymph vessels and the basement membrane of blood 

vessels.  

By identification of blood and lymph vessels using the markers CD31 and Lyve-1, respectively 

we showed that both blood and lymph vessels interacted with MGL. We further observed that 

MGL expressing cells in the septa of the thymus are closely associated with septal blood vessels 

indicating that MGL may be responsible for this association. Single MGL+ cells were likewise 

found associated with lymph vessels. Identification of MGL+ cells revealed that they are 

CD14+/CD11b+ macrophages. To study the association of MGL+ macrophages/DCs with 

endothelial cells in vitro we tested endothelial cell lines for MGL binding. Whereas HUVEC did 

not bind MGL, the endothelial cell line HMEC-1 interacted strongly with MGL. This binding 

was at least partially GalNAc dependent as only the GalNAc specific lectin HPA was able to 

interfere with MGL binding to HMEC-1 cells. Lectins with other carbohydrate specificity were 

not able to interfere with MGL binding to HMEC-1 cells. This is in line with our previous 

findings in situ showing that similar to MGL, HPA interacts with the basement membrane of 

blood vessels as well as with lymph vessels. We performed a transmigration assay with MGL+ 

DCs/macrophages through a layer of HMEC-1 endothelial cells with the result that 

transmigration of macrophages is decreased by MGL. MGL appears therefore to cause retention 

of macrophages in proximity to endothelial cells. This is in line with the accumulation of MGL+ 

cells associated with both blood and lymph vessels.  



  The C-type lectin MGL in the thymus 

 87

Taken together, the intimate association of MGL+ macrophages in particular with blood vessels 

in the septa of the thymus and the fact that MGL appears to function in retention of macrophages 

in place raises the possibility that these structures exhibit a similar function as splenic sinusoids. 

In the spleen these structures are believed to function in antigen filtering from the blood as well 

as in removal of aged and damaged erythrocytes. A similar antigen uptake function of MGL+ 

macrophages associated with blood vessels may be imagined in the thymus. Antigen filtered by 

MGL+ macrophages may be then presented to T-cells to induce central tolerance. This 

hypothesis is further underscored by the fact that MGL has been shown to act as and antigen 

uptake receptor 5. Alternatively, the likewise high expression of the LPS receptor CD14 on 

macrophages surrounding blood vessels may indicate that these macrophages form a barrier to 

prevent that LPS enters the thymus.  

Similar to blood vessels the association of MGL+ cells with lymph vessels may have also an 

antigen filtering function even though fewer macrophages were found associated with lymph 

vessels. A similar arrangement has been observed in the lymph node. Lymph node sinuses have 

been proposed to function as molecular sieves for filtering lymph-borne antigens 10. Further 

studies will be however needed to confirm this hypothesis. 
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Abstract 

The thymus is the principal organ for development of T-cells. Thymocyte precursors from bone 

marrow-derived progenitor cells enter the thymus where they differentiate involving several 

differentiation stages into mature T-cells that can leave the thymus to the periphery. Migration of 

thymocytes through the thymus and their development are tightly controlled by the interaction of 

thymocytes with components of the thymic microenvironments. Several studies have 

demonstrated the pivotal importance of glycosylation in cell-cell interactions or interactions of 

cells with extracellular matrix components (ECM) in various physiologic processes in the body. 

The knowledge on glycosylation of thymic microenvironments is however limited although the 

presence of C-type lectin receptors such as DC-SIGN, Mannose receptor and DEC-205, which 

are specifically recognizing distinct carbohydrate moieties emphasize the importance of 

glycosylation in the thymus. In order to outline the distribution of glycoconjugates in 

microenvironments of the human thymus we studied the glycosylation of the human thymic 

microarchitecture by using plant lectins in situ. 11 plant lectin-biotin conjugates with distinct 

specificity were used and analyzed by fluorescence microscopy. Mannose glycoconjugates, 

specifically detected by the lectins GNA and NPA, were abundant in the cortex but not in the 

medulla. Dendritic cells present in the thymic cortex were specifically co-stained with the 

galactose specific lectins DSA and PNA. Several lectins bound to the thymic vasculature. The 

α2-fucose specific lectin UEA stained thymic blood vessels in the interlobular space and 

medulla and capillaries in the cortex. In addition to UEA, thymic blood vessels and capillaries 

also reacted with the lectins DSA, PNA and the α-GalNac specific lectin HPA. In contrast, 

lymph vessels present in the interlobular space do not interact with UEA, DSA and PNA, but 

only with HPA, revealing a disparate glycosylation pattern of lymph and blood vessels that may 

be important to determine the direction of thymocytes entering or leaving the thymus. 

In conclusion, the restricted expression patterns of carbohydrates to defined microenvironments 

in the human thymus highlight the importance of glycosylation in various steps of T-cell 

development. 

 

Introduction 

The thymus gland is a central lymphoid organ, in which bone marrow-derived T-cell precursors 

undergo a process of maturation. Thymic positive selection occurs in the thymic cortex and 

requires successful interaction of T-cell receptor (TCR) on CD4+CD8+ (DP) thymocytes with 

peptide-MHC presented by cortical antigen presenting cells to develop into CD4+ or CD8+ (SP) 
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thymocytes. Failure to interact with self-peptide-MHC results in cell death. T-cell clones that are 

reactive to self-antigen/MHC complexes are eliminated by clonal deletion in the medulla of the 

thymus ensuring self-tolerance. Eventually, mature T-cells leave the thymus via blood and 

lymph vessels 1. 

Cortex and medulla of human thymus can be distinguished morphologically by cellular density. 

Whereas the human thymic cortex comprises densely packed immature thymocyte precursors the 

thymic medulla contains mature thymocytes present in a lower density. Epithelial cells are 

present in both cortex and medulla and comprise the thymic epithelial space, which is bounded 

on its outer surface by a basal lamina. This basal lamina separates the thymic epithelial space 

from the perivascular space (PVS) of the thymus, which becomes merged with the medulla at the 

cortico-medullary junction. The major components of the PVS are blood vessels to and from the 

medulla 2-6.  In addition large lymph vessels can be observed in the PVS often traveling down the 

septa and located adjacent to blood vessels 2,7. They can be often observed to be packed with 

emigrating thymocytes 1,5.  

Migration through the thymus and the selective events in the thymus require specific interactions 

of thymocytes with cells, the vasculature and ECM components specifically arranged in the 

defined microenvironments of the thymus. Several studies have demonstrated the outstanding 

importance of glycosylation in mediating various cellular interactions in the body.  C-type lectin 

receptors that interact with defined carbohydrate structures such as DC-SIGN, Mannose 

Receptor and DEC-205 have been reported in the thymus suggesting the importance of 

glycosylation also in the thymus 8-11. However, knowledge on the glycosylation of human thymic 

microenvironments is limited.  

The availability of numerous plant lectins with biochemically defined affinity for specific 

terminal carbohydrates has allowed the analysis of carbohydrates in tissues and purified 

cells/glycoproteins 12. In many cases, plant lectins have a relatively narrow specificity and are 

able to discriminate linkages or single carbohydrate modifications. The use of biotin-labeled 

plant lectins enables to analyze glycosylation in situ i.e. by detection using avidin-coupled 

fluorescent dyes and fluorescence microscopy.  

In this study we were prompted to investigate in the human thymus whether thymic 

microenvironments are defined by the presence of specific glycoconjugates in situ using plant 

lectins. Distinct lectin-staining patterns, indicating distinct glycosylation were observed on 

components of the thymic microenvironment, which affirms the overall importance of 

glycosylation during various stages of T-cell development.  
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Materials and Methods 

Thymic tissues.  Human thymi were obtained from surgical specimens removed from children 

up to three-years-old undergoing open-heart surgery, flash-frozen in liquid nitrogen and stored at 

-80°C.  

 

Immunohistochemical analysis. Briefly, cryostat sections of thymic tissue were cut in 5-7-µm 

sections, air-dried overnight, and fixed in acetone for 10 minutes at room temperature or in 2% 

paraformaldehyde for 20 mins. A battery of plant lectins with varying binding specificities was 

employed (Table 1). The lectins were obtained commercially (Vector Labs, USA) and were 

either labeled with biotin or directly labeled. 

 
Table 1. Lectins used in immunoflourescence studies 

Lectin Origin Full name Carbohydrate specificity Reference 

Con A Jack bean seeds Canavalia ensiformis aggl. High Man > hybrid-type > 

biantennary N-glycans 
28 

DSA Jimsonweed seeds Datura stramonium aggl. (Galβ1,4-GlcNac)n, (β1,4-

GlcNAc)n 
29 

GNA Snowdrop bulb Galanthus nivalis aggl. Terminal α1,3-Man on high Man 

structures 
30 

HPA Edible snail Helix pomatia aggl. α-GalNac (Tn antigen) 31 

LTA Asparagus pea Lotus tetragonolobus aggl. α1,2/α1,3-linked L-Fuc (type 2 

chains) 
32 

MAA Amur maackia seeds Maackia amurensis aggl. α2,3-sialyl-lactosamine 33 

NPA Daffodil Narcissus pseudonarcissus 

aggl. 

Internal α1,6-Man and terminal 

α1,3-Man or high Man structures 
34 

PNA Peanut Arachis hypogea aggl. Galβ1,3-GalNAc 35 

PSA Pea Pisum sativum aggl. α-Mannose 36 

SBA Soybean Glycine max aggl. A1 > A2 >> B blood groups 37 

UEA-I Gorse seed Ulex europaeus aggl. 

(Isolectin I) 

α1,2-linked Fuc 38 

 

Plant lectins and antibodies (both at 5-10 µg/ml) diluted in TSM (20 mM Tris-HCl, pH 8.0, 150 

mM NaCl, 1 mM CaCl2, and 1 mM MgCl2) containing 1% BSA were added directly onto the 

sections and incubated for 1 h at 37°C. For fluorescence detection of biotinylated plant lectins 

avidin conjugated to Alexa Fluor® 488 and Alexa Fluor® 594 was added for 30 min at room 
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temperature. Primary antibodies were detected by Alexa Fluor® 488 F(ab')2 fragment of goat 

anti-rabbit IgG or Alexa Fluor® 594 goat anti-mouse IgG 594-conjugated secondary antibodies 

(both Molecular Probes, Eugene, OR) for 30 min at room temperature. The following primary 

antibodies were used: CSRD (polyclonal antiserum obtained after immunization of rabbits with 

the following peptide from DC-SIGN coupled to KLH: CSRDEEQFLSPAPATPNPPPA 13), 

Cytokeratin (a mix of MNF116 and LP34; DAKO), Lyve-1 (8C), CD31 (9G11), Laminin-5 

(BM165). Analysis was performed on a Nikon Eclipse E800 fluorescent microscope. 

 

Results 

The mannose binding lectins GNA and NPA stained selectively cortical areas of the human 

thymus (Figure 1A, B). These lectins did not interact with the medullary microenvironment with 

the exception of Hassall´s corpuscles (Figure 1A, B). The GalNAc-specific lectin SBA and the 

galactose-specific lectin PNA showed a similar staining pattern as GNA and NPA, clearly 

delimiting the thymic cortex from the medulla (Figure 1C, D). Moreover, PNA strongly binds to 

the capsule and to vessels present in the capsule (Figure 1D). Several lectins stained both the 

medulla and the cortex such as ConA, PSA and MAA. PSA and MAA also interacted strongly 

with the interlobular space of the thymus (Figure 1E-G). The lectin DSA stained single cells in 

the cortex and cortico-medullary junction of the thymus as well as large vessels in the 

interlobular space of the thymus (Figure 1H). The α-GalNac specific lectin HPA stains intensely 

the capsule of the thymus as well as large blood vessels in the intralobular space. The staining 

pattern of HPA appears to delineate the PVS of the thymus by staining the basal lamina of the 

vessels and the capsule (Figure 1I). 

Next, the α1,2-fucose specific lectin UEA-1 was examined. It is known that UEA-1 stains 

medullary epithelial cells of the murine thymus 14. In addition, UEA-1 is a commonly used 

marker for staining the endothelium 15. Figure 1J shows that also in the human thymus UEA-1 

interacted with medullary cells. Moreover, capillaries present in cortex and medulla were 

intensely stained by UEA-1. Sections stained with the L-fucose specific lectin LTA differed 

considerably from the ones stained with UEA-1. Both cortex and medulla displayed moderate 

reactivity with LTA. In addition we observed occasionally few scattered cells below the capsule 

and close to vessels with a very high reactivity for LTA (Figure 1K). Together, most of the 

examined lectins show a high selectivity for thymic microenvironments, single cell populations 

and in particular the vasculature of the thymus. 
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Fig. 1. Selectivity of 11 lectins in binding of thymic microenvironments. (A), GNA binds specifically to the cortex, 

but not the medulla of the human thymus. The interlobular space is not bound by GNA. (B), NPA exhibits due to its 

similar carbohydrate specificity a similar staining as GNA. (C), SBA binds to the thymic cortex and medulla 

however binding to the cortex is more pronounced than binding to the medulla. SBA interacts also with the 

epithelial basal lamina of the capsule, but does not stain the interlobular space. (D), PNA interacts prominently with 

cells present in the cortex, but only to few cells in the medulla of the thymus. Strong interaction can be observed 

with the interlobular space and with vessels present in the interlobular space. An arrowhead indicates a vessel that is 
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stained by PNA. (E-G), Con A, PSA and MAA exhibit low selectivity interaction with thymic microenvironements 

but resulted in strong staining of both medulla and cortex. PSA and MAA additionally interact with the interlobular 

space and vessels in the interlobular space as well as capillaries in the cortex. In contrast to PSA, that strongly stains 

also the vasculature of the medulla, MAA does not interact with these vessels. (H), DSA interacts weakly with cells 

all over the thymus, but particularly strong with single cells in the cortex of the thymus. Morphologically these cells 

resemble dendritic cells in the cortex and macrophages in the medulla. (I), HPA staining delineates the PVS by 

staining the epithelial basal lamina and the basement membrane of vessels. (J), UEA stains cells present in the 

medulla as well as Hassall`s corpuscles. In addition capillaries in the cortex are stained by UEA. (K), LTA stains 

cells all over the thymus. Few scattered cells exhibit stronger staining with LTA. These LTAhigh cells were often 

found in close proximity to large vessels or even crossing and inside the lumen of vessels and below the capsule. 

(original magnification x100 (A-C and E-J); x200 (D,K); c, cortex; m, medulla) 

 

We were therefore prompted to further identify the components interacting selectively with the 

examined lectins. First we were interested to identify the single cells and vessels stained by the 

galactose-specific lectin DSA. Single cells in the cortex of the thymus resembled 

morphologically to dendritic cells. DC-SIGN expressing immature dendritic cells have been 

detected in several tissues among them also the cortex of the thymus 8. The immature dendritic 

cell (DC) marker DC-SIGN 16,17 co-stained with DSA in the cortex demonstrating that these cells 

are dendritic cells or macrophages (Figure 2A). Next we were interested to characterize DSA+ 

vessels in the interlobular space. We identified blood vessels by staining sections with CD31. 

CD31 and DSA co-stained in the large vessels of the interlobular space as well as in the small 

capillaries in the cortico-medullary junction, medulla and cortex (Figure 2B). However, lymph 

vessels were not recognized by DSA (Figure 2C). Interestingly the cellular content of lymph 

vessels stained strongly with DSA whereas the content of blood vessels did not. 
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Fig. 2. (A), Identification of single DSA staining cells located in the cortex and cortico-medullary junction as 

macrophages or dendritic cells by co-staining with DC-SIGN. (B), In addition DSA stains blood vessels present in 

the interlobular space (arrowheads) and septa (arrows) as well as capillaries in medulla and cortex as shown by co-

staining with CD31. (C), DSA does not interact with lymph vessels; no co-expression of DSA and Lyve-1 on lymph 

vessels was observed. However, the lumen of Lyve-1+ lymph vessels contains cells that are DSA+ (arrows). (original 

magnification x200 (A-I); c, cortex; m, medulla) 

 

Next we further characterized UEA-1 reactivity within the vasculature of the thymus. UEA-1 

stained predominantly small capillaries in the cortex of the thymus and enables to visualize 

capillaries far better than staining with CD31. Larger vessels in the interlobular space exhibited a 

weaker reactivity with UEA-1 than the capillaries, where CD31 was a preferable marker (Figure 

3A). UEA-1 did not interact with Lyve-1+ lymph vessels (Figure 3B). Interestingly, UEA-1 
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reacted with the cellular content of large blood vessels, but not lymph vessels (Figure 3A, B). 

Figure 3C demonstrates that UEA-1 co-stained with the epithelial marker cytokeratin and 

confirms previous results demonstrating that UEA-1 stains a subset of medullary epithelial cells 

in a murine model 14. 

 
 

Fig. 3. (A), Double staining UEA and CD31 identify UEA+ cells in the thymic cortex and medulla as blood 

capillaries. In addition, UEA weakly stains large CD31+ blood vessels in the interlobular space of the thymus. The 

lumen of these vessels contain erythrocytes, that are strongly binding to UEA. Erythrocytes were identified by the 

absence of nuclei when counterstained with Hoechst (data not shown) (B), Co-staining UEA and Lyve-1 reveals that 

lymph vessels are not stained by UEA. No UEA+ cells were observed in the lumen of Lyve-1+ vessels. (C), UEA 

interacts with epithelial cells in the medulla of the thymus and Hassall`s corpuscles. An arrow indicates a cortical 

capillary that is enclosed by the cortical epithelial cells. (original magnification x200 (A, B); x400 (C); c, cortex; m, 

medulla) 
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In contrast to UEA-1, LTA, another fucose-specific lectin (Table 1), showed a distinct staining 

pattern. In order to check association of LTAhigh cells with the vasculature we investigated the 

expression of CD31 and Lyve-1 in double-stainings with LTA. LTAhigh cells were found 

adjacent to or even crossing CD31+ blood vessels (Figure 4A). LTA stained moderately both 

cortex and medulla. Cells with a moderate reactivity to LTA were however found in Lyve-1+ 

vessels (Figure 4B). 

 
 

Fig. 4. (A), Co-staining LTA and CD31 shows only weak staining of LTA on CD31+ vessels. The lumen of CD31+ 

vessels does only occasionally contain LTAhigh cells that cross the membrane of blood vessels (arrow). (B), Double 

staining LTA and Lyve-1 shows no staining of LTA on Lyve-1+ vessels. However, the lumen Lyve-1+ vessels 

contain cells that interact with LTA (arrow). (original magnification x200 (A, B); c, cortex; m, medulla). 

 

We were next prompted to identify structures staining with HPA. The whole interlobular space 

and PVS interacted weakly with HPA; particularly strong reactivity was observed with capsule 

and vessel walls. Also smaller vessels in medulla and cortex stained with HPA (Figure 1I). 

Double-staining HPA and CD31 or Lyve-1 revealed that both lymph and blood vessels interact 

with HPA (Figure 5A, B). Medullary vessels were enclosed by a clearly visible epithelial basal 

lamina (Figures 1I, 5A, B) that stained strongly with HPA. Likewise HPA stained with the 

epithelial basal lamina of the capsule. Thus, staining of HPA clearly delineates the PVS of the 

thymus. This could be confirmed by a complete overlap in the double-staining with the basement 
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membrane marker Laminin-5 (Figure 5C), also a marker for the basal lamina of the subcapsular 

cortex and the basement membrane of blood vessels 18,19. 

 
 

Fig. 5. (A), HPA stains the basement membrane of blood vessels in the interlobular space as well as smaller vessels 

and capillaries in medulla and cortex. (B), Lyve-1 expressing blood vessels present in the interlobular space, which 

are often localized in proximity to blood vessels are stained by HPA. (C), Co-staining HPA with laminin reveals a 

complete co-localization. HPA stains the basement membrane of vessels as well as the epithelial basal lamina, 

which delineate the PVS of the thymus. (original magnification x400 (A, B); x200 (C) c, cortex; m, medulla). 

 

Finally we examined binding of PNA for DC-SIGN, CD31 and Lyve-1 co-localization. DC-

SIGN+ cells in the cortex were stained by PNA (Figure 6A). PNA staining of macrophages in the 

cortex has been previously reported 20; however this was not confirmed by using specific cell 

surface markers. Similar to HPA, PNA stained intensely the epithelial basal lamina of the 
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capsule and the basement membrane of blood vessels (Figure 6B). However, PNA did not stain 

Lyve-1+ lymph vessels (Figure 6C).  

Taken together we identified distinct glycosylation patterns on several components of the thymic 

microarchitecture that suggest functional roles in migration and in selection of thymocytes 

(Table 2). 

 

 

Fig. 6. (A), PNA stains DC-SIGN+ cells present in the thymic cortex (arrows). (B), PNA stains the basement 

membrane of blood vessels in the interlobular space and the medulla as well as the epithelial basal lamina. (C) 

Lyve-1+ lymph vessels are not stained by PNA. A PNA+ blood vessel (arrow) can be seen next to PNA- lymph 

vessels in the interlobular space (original magnification x200 (A-C) c, cortex; m, medulla). 
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Discussion 

Using 11 plant lectins to investigate glycosylation in the thymus we identified 7 lectins with high 

selectivity for specific microenvironments, vasculature and cell types.  

 
Table 2. Overview of staining pattern of plant lectins in the human thymus. 

Lectin Staining pattern 

Con A low selectivity, reactivity with cortex and medulla 

DSA 1. DC-SIGN+ dendritic cells in the cortex.  

2. CD31+ blood vessels and capillaries. 

3. Cells present in the lumen of Lyve-1+ lymph vessels 

GNA Cortex and Hassall`s corpuscles  

HPA 1. CD31+ blood vessels (basement membrane) and Lyve-1+ lymph vessels. 

2. Capsule (epithelial basal lamina) 

3. Hassall`s corpuscles  

LTA 1. Weak interaction with cortex and medulla. 

2. Cells present in the lumen of Lyve-1+ lymph vessels.  

3. Strong interaction with scattered cells below the capsule and in septa in proximity to or inside CD31+ 

vessels. 

4. Hassall`s corpuscles  

MAA Low selectivity, reacts with cortex, medulla interlobular space; capillaries and vessels 

NPA Cortex and Hassall`s corpuscles 

PNA 1. stains cortex  

2. DC-SIGN+ cells in the cortex  

3. epithelial basal lamina and basement membrane of CD31+ blood vessels in the interlobular space and 

in the medulla.  

4. Hassall`s corpuscles and occasionally single cells in the medulla. 

PSA Low selectivity reacts with cortex, medulla interlobular space; capillaries and vessels 

SBA Low selectivity, reacts with cortex and to a weaker degree the medulla, Hassall`s corpuscles, capsule 

UEA-I 1. Medullary epithelial cells 

2. Weak to CD31+ large blood vessels and strong to capillaries in the cortex and medulla. 

3. Cells in the lumen of large CD31+ blood vessels in the interlobular space.  

4. Hassall`s corpuscles  

 

We observed a clear difference in glycosylation between the cortex and the medulla. High 

mannose structures, detected by GNA and NPA, can be observed in the cortex, but hardly in the 

medulla of the thymus. High mannose structures are generally restricted to the ER and Golgi. 

During N-glycan biosynthesis, these immature glycan forms are trimmed and further elongated 

to become mature complex-type N-glycans once in the trans-Golgi 21. The frequency of high 
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mannose structures reaching the cell surface of cells is generally very low in the homeostatic 

situation 22, and it may increase in response to stimuli such as apoptosis 23 or the over-expression 

of a certain glycoprotein 24; in both cases reflecting a failure in the secretory pathway. The fact 

that cells in the medulla are not so brightly stained with GNA and NPA is in line with the 

previous observation that medullary thymocytes are in a resting state and do not exhibit a high 

protein production whereas most proliferating thymocytes reside in the cortex 25. 

The reactivity of PNA to immature cortical thymocytes has been previously reported and is due 

to expression of abundant non-sialylated core 1 O-glycans (Galβ1–3GalNAc), which are the 

preferred ligands of PNA. In contrast, mature medullary thymocytes express sialylated core 1 O-

glycans (Siaα2–3Galβ1–3GalNAc), a structure not recognized by PNA 26. 

The observation that cortical DC-SIGN expressing dendritic cells exhibit a distinct glycosylation 

reacting with both DSA and PNA is in line with a previous report indicating that the 

glycosylation of dendritic cells and macrophages varies in different tissues 20.  

We further demonstrated that lymph vessels and blood vessels exhibit in situ a distinct 

glycosylation. Thymic blood and lymphatic vessels in humans and laboratory animals are 

difficult to distinguish by morphological criteria 2,3,6. We made use of the recently discovered 

lymph epithelial specific marker Lyve-1 27 that enables to easily distinguish them from blood 

vessels by immunofluorescence 7. The lectins DSA, UEA and PNA exclusively interacted with 

CD31+ blood vessels whereas they did not interact with Lyve-1+ vessels. HPA interacted with 

the basal membrane of both lymph and blood vessels, suggesting that basement membrane 

components, such as laminin, maybe decorated with the Tn antigen. 

Furthermore we found that cells present in the lumen of Lyve-1+ vessels were LTAlow and DSA+. 

These lectins did not stain the cells inside of blood vessels; however blood vessels contained 

LTAhigh and UEA+ cells. It is known that carbohydrates present on endothelial cells play an 

important role in both cellular adhesion to vessels as well as in their extravasation into the tissues 

or from the tissue. The specific recognition of differential glycosylation of lymph and blood 

vessels may play an important role in directing thymocytes to enter or leave the thymus. This 

may be an interesting mechanism to regulate the important issue that only those thymocytes 

leave the thymus that completed their development, which is essential for a proper maintenance 

of the immune system. Likewise the glycosylation of cells may play a role in these processes, 

which agrees with our data that cells present in the vascular lumen of lymph and blood vessels 

differ in reactivity with carbohydrate-specific plant lectins. It is tempting to speculate that 

LTAhigh cells represent progenitor cells as they were found not only in proximity to and inside 
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CD31+ blood vessels but also below the capsule, which is known to be populated by early T-cell 

progenitors.  

The lectin HPA stained the epithelial basal lamina of the capsule and vessels as well as with the 

endothelial basement membrane of vessels as shown by co-staining with laminin-5. These 2 

basal lamina delineate the PVS of the thymus 3-5,18,19. The presence of HPA specific carbohydrate 

structures on both capsule and vessels may be important for migration of cells through the PVS 

of the thymus.  

Taken together this study shows that thymic microenvironments and the thymic vasculature are 

marked by a distinct expression of glycoproteins. Our study enforces the particular importance of 

glycosylation in various steps during T-cell development. 
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Evidence for a dual role of cortical hAPC in both selection and removal of apoptotic 

thymocytes. 

It is widely accepted that positive selection of thymocytes occurs on MHC expressed on cortical 

epithelial cells 1-4 whereas negative selection occurs on bone marrow derived APC (hAPC), such 

as dendritic cells and macrophages, located in the medulla of the thymus 5,6. However, several 

studies indicated that in addition to cortical epithelial cells also hematopoietic antigen presenting 

cells (hAPC)  located in the cortex can mediate positive selection 6-13. Unfortunately, to date 

these studies did not identify the type of hAPC responsible for positive selection in the thymic 

cortex.  

In this thesis a myeloid cell type exclusively present in the human thymic cortex was identified 

by using the C-type lectin receptor (CLR) and immature dendritic cell (DC) marker DC-

SIGN14,15 and shown to function in removal of thymocytes from the cortex of the thymus 

(chapter 2, 3). Furthermore it is proposed that these cortical hAPC may function in selection of 

thymocytes (chapters 2-4). 

The presented data in chapters 2 and 3 show that cortical hAPC function in removal of apoptotic 

thymocytes from the human thymic cortex. Distinctively, apoptotic thymocytes are in situ almost 

exclusively associated with cortical DC-SIGN+ hAPC and were found to be present inside DC-

SIGN+ hAPC by immuno-electron microscopy. Similar results have been previously reported in 

mice likewise using in situ TUNEL analysis. In the murine thymus macrophages that were 

identified by the murine macrophage marker F4/80 were shown to function in removal of 

cortical apoptotic thymocytes 16.  

The characterization of cell surface markers indicates that cortical DC-SIGN+ cells exhibit 

features of both dendritic cells (DC) and macrophages. The high expression of the chaperone 

HLA-DM 17-19 and VCAM-1 on these cortical DC-SIGN+ cells indicate a strong antigen 

presenting and adhesion/co-stimulatory capacity. This is further underscored by the presence of 

the antigen uptake receptors DC-SIGN 20 and Mannose receptor 21-23. Moreover cortical DC-

SIGN+ cells exhibit a macrophage phenotype as evidenced by the macrophage marker CD68. 

DC-SIGN+ cells were therefore designated hematopoietic antigen presenting cells (hAPC) 

reflecting both a macrophage and a DC phenothype. The unique expression of the adhesion and 

co-stimulatory molecule VCAM-1 on these cells does not allow classifying them clearly as 

immature or as mature APC as the function of VCAM-1 on DCs has been only poorly 

investigated to date. Similar to human DC-SIGN+/VCAM-1+ hAPC, murine F4/80+ macrophages 

have been shown to remove apoptotic thymocytes from the cortex of the murine thymus 16. 
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Although a marker homologous to F4/80 does not exist in humans and neither exists a marker 

homologous to DC-SIGN mice these cortical hAPC appear to be functionally homologous. This 

is underscored by the fact that they likewise co-express the co-stimulatory molecule VCAM-1 

and both human DC-SIGN+/ VCAM-1+ cells and murine F4/80+/ VCAM-1+ cells are exclusively 

present in the cortex of the thymus. Taken together the analysis of the cell surface markers on 

cortical hAPC suggests a dual function both in selection but also in removal thymocytes.  

Due to the unique expression of the adhesion receptors DC-SIGN and VCAM-1 we studied the 

interaction of recombinant DC-SIGN and VCAM-1 with thymocytes in vitro in order to obtain 

further insight into the potential cellular interaction of these cortical hAPC (chapter 3).  

It was found that recombinant DC-SIGN interacts with a small amount of cells present in freshly 

isolated thymocyte suspensions that are mainly CD4+CD8+ (DP) and therefore located in the 

cortex. This is in agreement with the fact that DC-SIGN expressing hAPC are located 

exclusively in the thymic cortex, but not in the medulla of the thymus and therefore correlates 

well with a function of these cortical hAPC in removal of apoptotic thymocytes as shown in 

chapter 2.  

As DC-SIGN specifically recognizes high mannose carbohydrates it is tempting to speculate that 

thymocytes that were induced to undergo apoptosis may present high mannose carbohydrates on 

the cell surface 24. This hypothesis is underscored by the observation made in chapter 6 that high 

mannose specific plant lectins bind exclusively to cells in the thymic cortex but not to cells in the 

medulla of the thymus. This correlates with the finding that although freezing/thawing of 

thymocytes induces apoptosis in both DP and SP cells only cortical, DP apoptotic thymocytes 

but not SP, apoptotic thymocytes interact with DC-SIGN. Thus, when DP thymocytes undergo 

apoptosis by freezing/thawing, they may expose these high mannose glycoconjugates on their 

cell surface and thereby interact with DC-SIGN whereas medullary SP thymocytes do not 

contain high mannose glycoconjugates and therefore do not interact with DC-SIGN. 

The analysis of the interaction of thymocytes with the adhesion and co-stimulatory molecule 

VCAM-1 revealed that VCAM-1 binds exclusively to viable thymocytes in a stage prior to 

positive selection. This is reflected by the absence of CD69 expression on binding DP 

thymocytes. Strikingly, when thymocytes were cultured on immobilized VCAM-1 and co-

immobilized anti-CD3 antibodies (to provide a TCR signal) positive selection was induced in 

vitro. Positive selection resulted in the generation of SP thymocytes accompanied by 

upregulation of CD69.  

Both DC-SIGN+ hAPCs in the human thymic cortex and likewise F4/80+ hAPC in the murine 

thymic cortex express the co-stimulatory molecule VCAM-1. Therefore the observation that 
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VCAM-1 binds to viable DP thymocytes in a developmental stage prior to positive selection and 

the capacity of VCAM-1 to co-stimulate positive selection of DP thymocytes strongly suggests a 

role of cortical hAPC in positive selection. After positive selection by a cortical DC-SIGN+/ 

VCAM-1+ hAPC, thymocytes may be released from the cortical hAPC, as CD69+ thymocytes do 

not bind VCAM-1, and then migrate to the medulla (Figure 1).  

 

 
 

Fig. 1. Model for the function DC-SIGN+/VCAM-1+ hAPC in the cortex of the thymus. DP thymocytes interact with 

cortical hAPC due to adhesion by VCAM-1. Subsequently VCAM-1 acts as a co-stimulatory molecule to induce 

positive selection of the thymocytes. If selection is successful, CD69 is upregulated and thymocytes undergo lineage 

decision. Along with this, thymocytes loose the capacity to bind VCAM-1 and are released from the cortical hAPC. 

If the TCR-MHC contact is not appropriate to induce signaling that results in positive selection, thymocytes undergo 

“death by neglect” and are subsequently cleared by the hAPC. The uptake may then involve the C-type lectin DC-

SIGN. Therefore selection and clearance may be performed on the same cortical hAPC. In addition, cortical hAPC 

may also delete DP thymocytes and directly remove them.  
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Unfortunately we did not succeed in isolating significant numbers of cortical hAPC for direct 

analysis of these cells. Therefore, to date, a conclusive answer to the question whether the 

apoptotic thymocytes that are taken up by the cortical hAPCs represent thymocytes that failed 

selection on the cortical epithelium and are subsequently taken up by the cortical hAPC or 

whether they are the result of neglect by the cortical hAPC itself cannot be given. However, the 

observation, that apoptotic cells are exclusively associated with DC-SIGN+/VCAM-1+ hAPC in 

the cortex argues in favour of a model in which cortical hAPC perform positive selection. The 

fact that VCAM-1 both adheres to DP thymocytes as well as co-stimulates their positive 

selection suggests that if the TCR interaction is absent or not strong enough to induce positive 

selection, the thymocyte may die in close proximity of the hAPC (Figure 1) given that further 

rearrangement of the TCR is not possible for the neglected thymocyte anymore. It was shown 

(chapter 3) that apoptotic thymocytes are not bound by VCAM-1 but are bound by DC-SIGN. 

Thus, DC-SIGN on the hAPC may take over neglected thymocytes for removal. Such a model 

would be in line with the necessity of quick removal of thymocytes in place.  

It can not be ruled out that the accumulation of apoptotic cells surrounding cortical hAPC may 

also result from thymocytes that have undergone “death by neglect” on the cortical epithelium. It 

is however interesting to note that apoptotic thymocytes were not observed to be scattered all 

over the thymic cortex. This would be expected according to the distribution of the epithelium 

covering the whole cortex. Indirectly, therefore, the observation that apoptotic cells are only 

found associated with cortical hAPC appears to argue against the paradigm that positive 

selection is performed by the cortical epithelium. 

In addition to positive selection cortical DC-SIGN+/VCAM-1+ hAPC may mediate negative 

selection in the cortex. Although the in vitro results regarding the adhesion and co-stimulatory 

molecule VCAM-1 do not support a role of VCAM-1 in negative selection previous research has 

shown that another co-stimulatory molecule namely CD86 can induce deletion of DP 

thymocytes5,25,26. Although mainly found on medullary DC we have shown that CD86 is 

expressed at least on some cortical hAPC as well. It is therefore possible that if the interaction 

between TCR and MHC is too strong, the thymocyte is deleted. DC-SIGN may then be 

implicated in the removal of the cell (Figure 1). Thus, both positive and negative selection may 

occur on cortical hAPC. This is in agreement with the fact that both positive and negative 

selection can occur at the DP stage of T-cell development 5,26-28. Further research will however 

be required to answer these important questions.  
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Co-stimulation of positive selection. 

In addition to their function as adhesion receptors VCAM-1 and ICAM-1 have been shown to act 

as co-stimulatory molecules in activation of peripheral T-cells 29-31. This thesis shows in vitro 

that VCAM-1 and ICAM-1 also act as co-stimulatory molecules in positive selection of 

thymocytes. Importantly, co-stimulation has been suggested to be required for positive selection 

but the molecules responsible to mediate co-stimulation have not been clearly identified on 

antigen presenting cells in the thymus to date 32. On the thymic epithelium few candidate 

molecules have been identified 33. 

The results observed in this thesis suggest a similar capacity of VCAM-1 and ICAM-1 to 

mediate positive selection. It is therefore interesting that ICAM-1 and VCAM-1 show a distinct 

expression pattern in the thymus. Whereas expression of ICAM-1 has been shown on cells in 

both medulla and cortex, VCAM-1 was only observed on cortical hAPC both in the murine and 

human thymus. This may indicate that ICAM-1 may co-stimulate positive selection of 

thymocytes by cortical epithelial cells whereas VCAM-1 may co-stimulate positive selection of 

thymocytes by cortical hAPC. The significance of the medullary expression of ICAM-1 remains 

however to be determined. 

Interestingly, lineage decision differed among murine and human thymocytes upon in vitro 

positive selection with co-stimulation by VCAM-1. When experiments were performed with 

murine thymocytes CD4 SP thymocytes were generated. In contrast, when experiments were 

performed with human thymocytes, CD8 SP thymocytes were generated. Although it is difficult 

to speculate what the reason for this species-specific difference is the existence of a default 

pathway in selection appears likely. Additional factors appear to be necessary for the 

development of CD4 SP human thymocytes and CD8 SP murine thymocytes. 

 

C-type lectins and Glycosylation in the thymus 

The presence of C-type lectin receptor DC-SIGN, Mannose receptor, MGL reported in this thesis 

and DEC-205 reported by others 34 suggests an important role of specific carbohydrate 

recognition during T-cell development. 

The expression of Mannose receptor and DC-SIGN on cortical hAPC supports a function of 

hAPC in thymocyte selection as both receptors function in antigen uptake by recognition of 

specific carbohydrate determinants and are involved in the subsequent antigen processing and 

presentation to T-cells 20-23. In fact, Nieuwenhuis et al.35 provided evidence that the cortex is 

permeated by peripheral antigen through the transcapsular route. We think that this concept is 
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consistent with the fact that mannose receptor and DC-SIGN are expressed on hAPC throughout 

the cortex and in the interlobular space of the thymus in order to enable uptake of peripheral 

antigen for presentation to thymocytes in the thymus. Peripheral antigens processed by cortical 

hAPC and presented to DP thymocytes may play a crucial role in induction of central tolerance.  

Furthermore we have shown that DC-SIGN specifically recognizes apoptotic cells. However, the 

ligand that is bound by DC-SIGN on apoptotic thymocytes remains to be determined as well as 

the question whether DC-SIGN itself is involved in uptake of thymocytes or only in their 

recognition. As not all, but only apoptotic DP thymocytes can interact with DC-SIGN, it can be 

speculated that intracellular factors are released to the surface when thymocytes undergo 

apoptosis. Interestingly, DC-SIGN has been demonstrated to specifically interact with high 

mannose glycoconjugates 15. In chapter 6 the observation was made that in the cortex of the 

human thymus expression of high mannose glycoconjugates is considerably more pronounced 

than in the medulla. This correlates well with the expression of DC-SIGN that is likewise 

restricted to the cortex. The frequency of high mannose structures reaching the cell surface is 

however generally very low in the homeostatic situation 36, but become exposed to the cell 

surface when cells undergo cell death 24. This raises the possibility that high mannose structures 

on cortical thymocytes may be the ligand for DC-SIGN on DP apoptotic thymocytes. Further 

research is however necessary to address this assumption. 

Analysis of the potential function of CLR MGL 37-39 in the thymus suggest an important role of 

specific carbohydrate recognition in migration and targeting of cells to microenvironments. 

Macrophages expressing MGL were found in intimate proximity to septal blood vessels forming 

an arrangement similar to splenic sinusoids. It can be therefore speculated that these 

macrophages may play a role in filtering antigen from the blood stream for presentation to 

thymocytes.  

The general analysis of the glycosylation in the thymus performed in chapter 6 underscores the 

importance of glycosylation in the thymus and suggests central roles of glycosylation in 

migration of cells into and out of the thymus. For example lymph and blood vessels were shown 

to differ in their glycosylation. This may be a means for direction of thymocytes by specific 

recognition of carbohydrates on blood and lymph vessels.  
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Summary: Hematopoietic antigen presenting cells in the human thymic cortex: Evidence 

for a role in selection and removal of apoptotic thymocytes. 

The immune system has evolved to protect vertebrates against pathogenic micro-organisms, such 

as viruses, bacteria and parasites. T-cells, which originate from precursor cells residing in the 

bone marrow, are required in order to mediate a specific immune response against pathogens. 

Each naïve T-cell expresses a unique T-cell receptor (TCR), which is a transmembrane protein 

that enables recognition of foreign antigen when presented as peptides (small pieces of protein) 

in the groove of molecules encoded by the major histocompatibility complex (MHC). MHC 

molecules are expressed on the surface of antigen presenting cells (APC) that screen the body for 

the presence of invading pathogens. Upon encounter of a pathogen APCs take them up and 

process their proteins into peptides that can then be presented on MHC to T-cells. Only those T-

cells that bear a TCR specific for such a pathogen-derived peptide in the context of MHC can 

mature and initiate an immune response against the pathogens. 

In order to avoid an immune reaction to peptides derived from self-proteins a functional immune 

system requires the presence of T-cells expressing TCRs that are major histocompatibility 

complex (MHC) restricted but tolerant to self-antigens. This is achieved during selection T-cells 

in the thymus. T-cell precursors (thymocytes) enter the thymus where they develop into mature 

T-cells. Two selective events based on TCR recognition of peptide-MHC occur in the thymus, 

namely positive and negative selection. Positive selection results in the survival of only those 

thymocytes whose TCR interacts with self-MHC since T-cells that cannot recognize the 

individual’s own MHC molecules could not mount an immune response against any antigen 

presented in the periphery. Thus positive selection results in a repertoire of T-cells that are 

capable to respond to foreign antigenic peptides when bound on self-MHC.  

Furthermore, thymocytes that bind too strongly to self antigens are deleted during negative 

selection. Negative selection is required to ensure that no self-reactive T-cells can mature and 

leave the thymus into the peripheral circulation therewith avoiding self-attack or autoimmunity. 

Thus, positive and negative selection establishes a diverse T-cell repertoire with the capacity to 

react to foreign antigen but being tolerant self antigen.  

The thymus consists of numerous lobules that are clearly differentiated into a cortical-outer and 

medullary-inner region. A network of thymic epithelial cells, also designated thymic stroma, 

provides a unique microenvironment necessary for the development of T-cells. Thymocytes in 

all stages of T-cell development can be found embedded in the stroma of the thymus.  
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Positive selection of thymocytes requires antigen presentation by thymic epithelial cells, 

specialized stromal cells located in the cortex of the thymus that express MHC class I and II 

complexes. Although this paradigm is widely accepted some studies have shown that in addition 

to cortical epithelial cells, bone marrow derived antigen presenting cells such as dendritic cells or 

macrophages participate at least to some extent in positive selection as well. Unfortunately, 

however, these cells have not been clearly identified and characterized to date in the human 

thymic cortex.   

Negative selection occurs in the medulla of the thymus on bone marrow derived antigen 

presenting cells such as dendritic cells and macrophages. It is important to note that for negative 

selection a co-stimulatory signal in addition to the TCR-MHC interaction is required. For 

example the interaction of CD28 on thymocytes with CD80 or CD86 can provide this co-

stimulatory signal. 

Only a small population of thymocytes generated in the bone marrow or thymus survives T-cell 

selection and leaves the thymus as mature T-cells. The vast cell death occurring in the thymus is 

a reflection of the intensive screening that each thymocyte has to undergo during thymocyte 

selection to recognize self-MHC in a way that self tolerance is maintained. Most thymocytes 

undergo cell death because they fail to be positively selected and undergo “death by neglect” 

whereas negative selection makes only a small contribution to the background rate of apoptosis. 

In the murine thymus it has been shown that a specific population of cortical macrophages 

quickly removes these dying thymocytes from the cortex. In the human thymus the identity of 

the cell type responsible for the removal of the enormous numbers of dying cells in the thymic 

cortex has not been identified to date although it is tempting to assume that a similar cell type as 

in mice is responsible for this. 

 

In this thesis a specific type of hematopoietic antigen presenting cells is identified in the cortex 

of the human thymus by expression of the C-type lectin DC-SIGN, which is a marker for human 

immature dendritic cells. These cortical cells exhibit features of both macrophages and dendritc 

cells. It is demonstrated that these DC-SIGN+ cells function in removal of apoptotic thymocytes 

from the cortex of the human thymus (Chapter 2). Furthermore co-expression of the molecular 

chaperone HLA-DM that is a hallmark of antigen presentation suggests an additional role of 

these cortical hAPC in antigen presentation and therefore T-cells selection. The cells are 

therefore termed cortical hematopoietic antigen presenting cells (hAPC).  

Cortical hAPC are shown to prominently express the co-stimulatory molecule VCAM-1 (Chapter 

3), which further underscores a potential function in antigen presentation whereas VCAM-1 is 
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not expressed in the medulla. VCAM-1 has been demonstrated to induce co-stimulation of 

peripheral T-cells. In this thesis it is shown that recombinant VCAM-1 also binds viable cortical 

thymocytes and moreover co-stimulates positive selection of thymocytes in combination with a 

TCR signal in vitro. Either a TCR or co-stimulatory signal alone does not result in positive 

selection of thymocytes. This suggests that co-stimulatory signals are not only required for 

negative selection of thymocytes but also for positive selection. VCAM-1 is most prominently 

expressed on cortical hAPC whereas the cortical epithelium does not or only weakly express 

VCAM-1. This highlights the potential importance of these cortical hAPC in positive selection 

of thymocytes. 

Furthermore it is shown that the C-type lectin receptor DC-SIGN present on cortical hAPC 

specifically recognizes cortical apoptotic thymocytes, which is in line with the function of 

cortical DC-SIGN+ hAPC in removal of cortical thymocytes. Together these results suggest a 

dual function of cortical hAPC both in removal of apoptotic thymoytes as well as in positive 

selection of thymoctes.  

Similar to DC-SIGN+ hAPC in the human thymic cortex F4/80+ macrophages present in the 

murine thymic cortex have been shown to clear apoptotic thymocytes from the cortex. In line 

with the results obtained in the human thymus these F4/80+ macrophages express the co-

stimulatory molecule VCAM-1. Together this indicates that these cells are homologous and 

therefore implies a potential function of F4/80+ macrophages as antigen presenting cells in 

thymocyte positive selection in mice as well. In addition to VCAM-1 it is known that another co-

stimulatory molecule namely ICAM-1 is expressed in the thymus. The co-stimulatory capacity of 

both VCAM-1 and ICAM-1 to induce positive selection is compared on murine thymocytes 

(Chapter 4). Both VCAM-1 and ICAM-1 show a similar capacity to co-stimulate positive 

selection of thymocytes, which is accompanied by survival of the selected cells.  

Hence, co-stimulation appears to be necessary to induce positive selection. The expression of co-

stimulatory molecules on cortical hAPC strongly suggests that besides cortical epithelial cells 

also the identified cortical hAPC play a role in positive selection.  

The presence of the C-type lectin DC-SIGN in the thymus and the observation that this C-type 

lectin receptor plays a role in removal of apoptotic thymocytes resulted in the idea to study the 

function of other C-type lectins in the human thymus. Therefore the C-type lectin MGL was 

investigated in the thymus (Chapter 5). It is reported that MGL is strongly expressed by 

macrophages that are localized in close proximity to blood and lymph vessels present in septal 

regions of the thymus. MGL can interact with both blood and lymph vessels in a carbohydrate 

dependent manner. Transmigration studies of MGL+ macrophages through a layer of endothelial 
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cells reveal that MGL slows down migration through the endothelial cells. As in particular large 

aggregations of MGL+ macrophages were found laying in close proximity to blood vessels it is 

proposed that MGL may function to retain macrophages adjacent to vessels forming an 

arrangement that resembles spleenic sinusoids. This is a structure that has been proposed to filter 

antigen from the blood stream. A similar function is proposed for MGL+ macrophages in the 

thymus.  

The presence of DC-SIGN, MGL and other C-type lectin receptors in the human thymus 

specifically recognizing distinct carbohydrate moieties emphasize the importance of the specific 

recognition of glycoconjugates in the thymus. This initiated studies to obtain a better overview of 

glycosylation in the human thymus. To outline the distribution of glycoconjugates in 

microenvironments of the human thymus the glycosylation of the human thymic 

microarchitecture is studied by using plant lectins with defined carbohydrate specificity (Chapter 

6). Thymic microenvironments such as cortex, medulla, interlobular space as well as lymph and 

blood vessels are shown to be marked by distinct glycosylation, which affirms the overall 

importance of glycosylation during various stages of T-cell development. 

In conclusion, this work has identified novel cellular and molecular players in the human thymus 

involved in binding, selection and removal of thymocytes. In addition, the provided data points 

to an important role of glyosylation of thymic microenvironments that can be specifically 

recognized by C-type lectin receptors identified on various cell types in the thymus. Further in 

depth investigation of these novel players in the thymus will help to contribute to a better 

understanding of the mechanisms that govern T-cell development in the thymus. 
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Samenvatting: Hematopoietische antigeen presenterende cellen in de cortex van de humane 

thymus: Aanwijzingen voor een rol in selectie en verwijdering van apoptotische 

thymocyten. 

Het immune systeem van (gewervelde) vertebraten is ontstaan om zich tegen pathogene micro-

organismen, zoals virussen, bacteriën en parasieten, te beschermen. De T-cellen, die zijn 

ontstaan uit voorlopercellen die zich in het beenmerg bevinden, zijn belangrijk voor het 

ontwikkelen van een specifieke immuunreactie tegen ziekteverwekkers. Elke naïeve T-cel 

beschikt over een unieke T-cel receptor (TCR), een transmembraan eiwit dat vreemd antigeen 

herkend wanneer dit wordt gepresenteerd als peptiden (kleine stukjes eiwitten) in moleculen die 

gecodeerd worden door de ‘major histocompatibility complexes’ (MHC). MHC moleculen 

worden tot expressie gebracht op het oppervlakte van antigeen-presenterende cellen (APC) die 

het lichaam beschermen tegen binnendringende ziekteverwekkers. Bij een ontmoeting met 

ziekteverwekkers nemen APC’s de ziekteverwekkers op en worden hun eiwitten verwerkt tot 

peptiden die dan op MHC’s aan T-cellen kunnen worden gepresenteerd. Alleen die T-cellen die 

drager zijn van een specifieke TCR die de peptiden van de ziekteverwekker in de context van 

MHC herkend, kunnen rijpen en beginnen met een immuunreactie tegen de ziekteverwekker.  

Om een immuunreactie tegen lichaamseigen peptiden te vermijden, vereist een functioneel 

immuunsysteem de aanwezigheid van TCR’s op T-cellen die alleen MHC kunnen herkenen maar 

tolerant zijn aan lichaamseigen-antigenen. Dit wordt bereikt tijdens selectie van T-cellen in de 

thymus. Voorloper T-cellen (thymocyten) gaan naar de thymus, waar deze tot rijpe T-cellen 

differentiëren. Twee selectieve gebeurtenissen gebaseerd op TCR herkenning van MHC peptiden 

komen voor in de thymus, namelijk positieve en negatieve selectie. Positieve selectie resulteert 

in het overleven van alleen die thymocyten waarvan de TCR ‘past’ op eigen-MHC, zodat T-

cellen die niet lichaamseigen-MHC herkennen geen immune reactie kunnen starten tegen ieder 

antigen aanwezig in de periferie. Dus positieve selectie resulteert in een repertoire van T-cellen 

die instaat zijn om tegen vreemde antigeenpeptiden te reageren wanneer deze binden aan 

lichaamseigen-MHC. 

Thymocyten die een te hoge affiniteit hebben voor lichaamseigen antigenen worden 

geëlimineerd tijdens de negatieve selectie. Negatieve selectie is vereist om ervoor te zorgen dat 

geen zelf-reactieve T-cellen in de thymus kunnen rijpen en de thymus kunnen verlaten en 

daarmee wordt een zelf-aanval of auto-immuniteit vermeden. Zowel positieve als negatieve 

selectie resulteert in een groot en divers repertoire van T-cellen die de capaciteit hebben om 

tegen vreemde antigenen te reageren en die tolerant zijn tegen lichaamseigen antigenen. 
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De thymus bestaat uit talrijke lobben die duidelijk zijn gedifferentieerd in een corticaal-buiten 

gebied (de schors) en het medulla-binnen gebied (het merg). Het netwerk van thymus 

epitheelcellen, ook thymus stroma genoemd, creëert een uniek micromilieu wat noodzakelijk is 

voor de ontwikkeling van T-cellen. De verschillende rijpingsfasen van thymocyten kunnen 

teruggevonden worden in het stroma van de thymus. 

De positieve selectie van de thymocyten vereist antigeen presentatie door thymus epitheelcellen, 

gespecialiseerde stroma cellen die voorkomen in de schors van de thymus en MHC klasse I en II 

complexen tot expressie brengen. Sommige studies hebben aangetoond dat naast de corticale 

epitheelcellen, ook antigeen presenterende cellen uit het benmerg, zoals dendritische cellen of 

macrofagen, betrokken zijn bij de positieve selectie van T-cellen. Helaas zijn deze cellen in de 

menselijke schors van de thymus tot op heden nog niet duidelijk geïdentificeerd en 

gekarakteriseerd.  

Negatieve selectie vindt plaats in het merg van de thymus op beenmerg antigeen presenterende 

cellen zoals dendritische cellen en macrofagen. Het is belangrijk om op te merken dat voor 

negatieve selectie een co-stimulatoir signaal vereist is naast de TCR-MHC interactie. 

Bijvoorbeeld de interactie tussen CD28 op thymocyten met CD80 of CD86 op de APC kan voor 

de co-stimulatie zorgen.  

Slechts een kleine populatie van thymocyten gegenereerd in het beenmerg of thymus overleeft T-

cel selectie en kan hierdoor de thymus verlaten als rijpe T-cel. De enorme celdood die in de 

thymus voorkomt, is een reflectie van de intensieve screening die elke thymocyt tijdens 

thymocyt selectie moet ondergaan om zelf-MHC op een dusdanige manier te herkennen dat 

zelftolerantie gehandhaafd blijft. De meeste thymocyten ondergaan celdood omdat ze niet 

geselecteerd worden door positieve selectie en doodgaan door “neglect”. De negatieve selectie 

levert slechts een kleine bijdrage aan de totstandkoming van celdood (apoptosis). In de thymus 

van muizen is aangetoond dat een specifieke populatie van corticale macrofagen de dode 

thymocyten uit de cortex snel kan opruimen. Tot op heden zijn in de menselijke thymus dit soort 

cellen die verantwoordelijk zijn voor het opruimen van de grote hoeveelheden dode cellen in de 

thymus cortex nog niet geïdentificeerd, alhoewel het aannemelijk lijkt dat een identieke 

celpopulatie in de mens hierbij betrokken is. 

 

In dit proefschrift is een specifieke soort hematopoëtische, antigeen-presenterende cel (hAPC) 

geïdentificeerd in de cortex van de humane thymus die het C- type lectine DC-SIGN bevat, wat 

een merker is voor humane onrijpe dendritische cellen. Deze corticale cellen vertonen 

eigenschappen van zowel macrofagen als van dendritische cellen. Het is aangetoond dat deze 
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DC-SIGN+ cellen een rol spelen in de opruiming van dode thymocyten uit de cortex van de 

humane thymus (Hoofdstuk 2). De co-expressie van het moleculaire chaperon HLA-DM, dat 

betrokken is bij antigeenpresentatie, geeft aan dat deze corticale hAPC ook een rol spelen bij 

antigeen presentatie en dus bij de selectie van T-cellen. Deze cellen worden daarom corticale 

hematopoëtische cellen genoemd.  

Het is aangetoond dat de corticale hAPC het co-stimulatoire molecuul VCAM-1 tot expressie 

brengen (Hoofdstuk 3), wat betrokken kan zijn bij antigeenpresentatie alhoewel VCAM-1 niet in 

het merg tot expressie wordt gebracht. Het is bekend dat VCAM-1 de co-stimulatie van T-cellen 

in de periferie induceert. In dit proefschrift wordt aangetoond dat recombinant VCAM-1 ook aan 

levensvatbare corticale thymocyten bindt en tevens deze thymocyten in combinatie met een TCR 

signaal in vitro co-stimuleert tot positieve selectie van thymocyten. Alleen het TCR of co-

stimulatie signaal resulteert niet in een positieve selectie van de thymocyten. Dit laat zien dat co-

stimulatoire signalen niet alleen vereist zijn voor de negatieve selectie van thymocyten, maar ook 

voor de positieve selectie van thymocyten. VCAM-1 is voornamelijk aanwezig op de corticale 

hAPC, terwijl op de corticale epitheelcellen geen of heel weinig VCAM-1 aanwezig is. Dit 

verklaart mogelijk het potentiële belang van de corticale hAPC in de positieve selectie van 

thymocyten.  

Verder is er aangetoond dat het C-type lectine DC-SIGN, dat aanwezig is op corticale hAPC, 

corticale apoptotische thymocyten kan herkenen, en dus betrokken is bij een tweede functie van 

deze corticale DC-SIGN+  hAPC, om apoptotische thymocyten te verwijderen uit de cortex. 

Deze twee bevindingen doen ons vermoeden dat de corticale hAPC zowel bij de verwijdering 

van dode thymocyten als bij de positieve selectie van thymocyten een rol speelt.  

Vergelijkbaar aan DC-SIGN+ hAPC in de cortex van de humane thymus zijn er F4/80+ 

macrofagen aanwezig in de cortex van de muis die de dode thymocyten verwijderen. 

Overeenkomstig de resultaten verkregen van de humane thymus, brengen deze F4/80+ 

macrofagen ook het co-stimulatoire molecuul VCAM-1 tot expressie. Net als in de humane 

thymus lijkt dat ook in de muis de F4/80+ macrofagen een potentiële functie hebben als 

antigeenpresenterende cellen in de positieve selectie van muizen thymocyten. Het is bekend dat 

naast VCAM-1 ook andere co-stimulatie moleculen, namelijk ICAM-1, tot expressie worden 

gebracht in de thymus. De co-stimulatoire capaciteit van zowel VCAM-1 als ICAM-1 in de 

inductie van positieve selectie is vergeleken voor thymocyten van muizen (Hoofdstuk 4). Zowel 

VCAM-1 als ICAM-1 laten een gelijkwaardige co-stimulatie zien in de positieve selectie van 

thymocyten, wat correleert met de overleving van de geselecteerde cellen. De expressie van co-

stimulatoire moleculen op corticale hAPC geven duidelijk aan dat naast corticale epitheel cellen 
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ook de geïdentificeerde corticale hAPC, zowel in de muis als mens, een belangrijke rol spelen in 

positieve selectie.  

Vanwege de aanwezigheid van het C-type lectine DC-SIGN in de thymus en vanwege de 

observatie dat C-type lectine receptoren een rol spelen in het verwijderen van dode thymocyten, 

is het idee ontstaan om andere C-type lectines te onderzoeken in de humane thymus. Daarom 

werd onderzoek gedaan naar het C-type lectine MGL in de thymus (Hoofdstuk 5). Het is bekend 

dat MGL sterk tot expressie wordt gebracht op macrofagen die in de septal gebieden van de 

thymus dichtbij bloed- en lymfevaten gelokaliseerd zijn. MGL kan een interactie aangaan met 

zowel bloed als lymfevaten door middel van de herkenning van carbohydraten. Transmigratie 

studies van MGL+ macrofagen door enkele lagen endotheelcellen laten zien dat MGL de 

transmigratie van APC door de endotheelcellen remt. Gezien het feit dat bijzonder grote 

hoeveelheden MGL+ macrofagen dicht bij de bloedvaten gevonden worden, lijkt het aannemelijk 

dat MGL de macrofagen aangrenzend aan die bloedvaten positioneert, precies zoals dat gebeurt 

bij milt sinusoiden, een structuur die antigenen uit het bloed te filtreert. Een soortelijke functie is 

mogelijk voor de MGL+ macrofagen in de thymus.  

De aanwezigheid van DC-SIGN, MGL en andere C-type lectine receptoren in de humane 

thymus, die allen verschillende specifieke carbohydraat structuren herkennen, benadrukt het 

belang van de specifieke herkenning van glycanen in de thymus. Dit leidde tot een studie om een 

beter inzicht te krijgen in de glycosylering van de humane thymus en de mogelijke 

betrokkenheid daarvan bij het uitrijpingsproces van thymocyten. Om een beeld te krijgen van de 

distributie van glycanen in het micromilieu van de humane thymus is de glycosylering van de 

humane thymus morfologisch onderzocht door middel van plant lectines die ieder een specifieke 

suikerstructuur kunnen herkennen (Hoofdstuk 6). Het micromilieu van de thymus, zoals de 

schors, het merg, de ruimtes tussen de lobben maar eveneens de lymfe- en de bloedvaten, 

bezitten verschillen in glycosylering, wat het belang van glycosylering bevestigt in verschillende 

stadia van de T-cel ontwikkeling.  

Samenvattend, in dit onderzoek werden nieuwe cellulaire en moleculaire eigenschappen in de 

humane thymus geïdentificeerd die betrekking hebben tot de binding, selectie en het verwijderen 

van thymocyten. Tevens blijkt dat de glycosylering in het thymus micromilieu een rol speelt 

voor binding van C-type lectine receptoren die deze structuren herkennen en geïdentificeerd zijn 

op verschillende soorten cellen in de thymus. Verder diepgaand onderzoek naar deze nieuwe 

celtypen en eigenschappen van de thymus zullen er toe bijdragen om een beter inzicht te 

verkrijgen in het complexe mechanisme van de regulatie van de T-cel ontwikkeling in de 

thymus.  
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Zusammenfassung: Hämatopoietische Antigen-präsentierende Zellen im Kortex des 

Thymus: Hinweise für eine Funktion in der Selektion und der Entfernung apoptotischer 

Thymozyten. 

Das Immunsystem ist entstanden, um Vertebraten gegen Krankheitserreger wie Bakterien, Viren 

und Parasiten zu schützen. Ein unerlässlicher Bestandteil eines funktionsfähigen Immunsystems 

sind die T-Zellen, die aus Vorläuferzellen im Knochenmark entstehen und eine zentrale Rolle in 

der Vermittlung einer spezifischen Immunantwort gegen Krankheitserreger spielen. Jede naive 

T-Zelle exprimiert einen einzigartigen T-Zell-Rezeptor (TCR). Der TCR ist ein 

Transmembranprotein, das es T-Zellen erlaubt spezifisch körperfremdes Antigen von 

Krankheitserregern in Form von Peptiden (kleine Proteinstücke), die mit Hilfe von Major 

Histocompatibility Komplex Molekülen (MHC)  präsentiert werden, zu erkennen. MHC 

Moleküle werden auf der Oberfläche von so genannten Antigen präsentierenden Zellen (APC), 

z.B. dendritschen Zellen oder Makrophagen, exprimiert. Die Aufgabe von APC ist es, den 

Körper ständig auf eindringende Krankheitserreger überwachen. Sobald eine APC einen 

Krankheitserreger erkennt, nimmt sie den Krankheitserreger auf und zersetzt die 

aufgenommenen Proteine des Krankheitserregers in Peptide, die dann durch MHC Moleküle auf 

der Zelloberfläche der APC zur Erkennung durch spezifische T-Zellen präsentiert werden. Nur 

diejenigen T-Zellen, die einen TCR aufweisen, der spezifisch ein Peptid des Krankheitserregers, 

das durch MHC auf der Zelloberfläche der APC präsentiert wird, erkennen, können sich zu 

reifen T-Zellen entwickeln und somit eine Immunantwort gegen den Krankheitserreger einleiten. 

Um eine Immunantwort gegen Peptide zu verhindern, die körpereigenen Proteinen entstammen, 

ist es notwendig, dass T-Zellen TCRs exprimieren, die MHC erkennen können jedoch keine 

Immunantwort gegen körpereigene Peptide erzeugen. Dies wird durch die Selektion von T-

Zellen im Thymus erreicht. Im Thymus reifen aus dem Knochenmark entstammende T-Zell 

Vorläuferzellen zu T-Zellen heran. Zwei Selektionsschritte finden im Thymus statt: die positive 

und die negative Selektion. Positive Selektion stellt sicher, dass nur diejenigen Thymozyten 

überleben, die einen TCR exprimieren, der Peptid-MHC erkennen kann. Dies ist unerlässlich, da 

T-Zellen, die nicht in der Lage sind MHC zu erkennen, auch nicht in der Lage wären im Körper 

eine Immunantwort gegen irgendein Peptid hervorzurufen. Daher stellt die positive Selektion 

sicher, dass nur diejenigen T-Zellen überleben und den Thymus verlassen können, die in der 

Lage sind mit Peptid beladenen MHC zu erkennen. 

Thymozyten, die TCRs exprimieren, die zu stark an durch MHC präsentiertes körpereigenes 

Peptid binden, werden durch negative Selektion eliminiert. Dies ist unerlässlich, um zu 
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garantieren, dass keine T-Zellen den Thymus verlassen können, die eine Immunreaktion gegen 

Peptide des eigenen Körpers hervorrufen könnten. Zusammengefasst führen also positive und 

negative Selektion zu einem Repertoire von T-Zellen, das in der Lage ist eine Immunantwort 

gegen körperfremdes Antigen hervorzurufen, jedoch tolerant gegen körpereigenes Antigen ist. 

 

Der Thymus ist aus zahlreichen Lappen aufgebaut. Diese Lappen bestehen aus einem äußeren-

kortikalen und einem inneren-medullären Bereich. Ein Netzwerk aus Epithelzellen, auch Stroma 

genannt, erzeugt eine einzigartige Mikroumgebung, die für die Entwicklung von T-Zellen im 

Thymus notwendig ist. Thymozyten aller Stadien der T-Zellentwicklung können - eingebettet in 

das Stroma -  beobachtet werden. 

Zur positiven Selektion von T-Zellen werden Antigen-präsentierende Epithelzellen benötigt. 

Diese spezialisierten Stromazellen befinden sich im Kortex des Thymus und exprimieren MHC 

Klasse I und MHC Klasse II Moleküle auf ihrer Zelloberfläche. Es ist ein allgemein anerkanntes 

Konzept, dass die Epithelzellen im Kortex die positive Selektion der Thymozyten durchführen. 

Jedoch haben einige Studien gezeigt, dass auch hämatopoietische Antigen-präsentierende Zellen, 

also Antigen-präsentierende Zellen, z.B. dendritsche Zellen oder Makrophagen, die sich aus 

Vorläuferzellen des Knochenmarks entwickelt haben, zumindest zu einem gewissen Anteil an 

der positiven Selektion von Thymozyten beteiligt sein müssen. Leider sind diese 

hämatopoietischen Zellen bisher noch nicht klar im Kortex des Thymus identifiziert und 

charakterisiert worden. 

Negative Selektion findet in der Medulla des Thymus statt und wird von hämatopoietischen 

Antigen-präsentierenden wie dendritischen Zellen und Makrophagen durchgeführt. Zur 

negativen Selektion wird außer der TCR-MHC Interaktion noch ein weiteres so genanntes 

kostimulierendes Signal benötigt. Ein Beispiel für ein solches kostimulierendes Signal ist die 

Interaktion von CD28 auf der Oberfläche von Thymozyten mit CD80 oder CD86 auf der 

Oberfläche von der Antigen-präsentierenden Zelle. 

 

Nur ein kleiner Anteil der im Knochenmark und Thymus produzierten Thymozyten überleben 

die T-Zell Selektion im Thymus und verlassen den Thymus als reife T-Zellen. Der weitaus 

größte Anteil von Thymozyten stirbt während der Entwicklung durch Apoptose. Dieser enorme 

Zelltod ist somit die Folge der intensiven Selektionsprozesse im Thymus, damit mit 

körpereigenem Peptid beladener MHC im Körper in einer Art und Weise erkannt wird dass 

Toleranz gegen körpereigene Gewebe garantiert ist und keine Autoimmunreaktion stattfindet. 

Die meisten Thymozyten sterben im Thymus aufgrund der Tatsache, dass sie nicht positiv 
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selektiert werden. Hingegen ist der Anteil an Thymozyten die aufgrund negativer Selektion 

sterben im Vergleich zu positiven Selektion nur gering. In Studien, die an Thymi von Mäusen 

durchgeführt wurden, ist festgestellt worden, dass ein bestimmter Typ von Makrophagen, die 

ausschließlich im Kortex des Thymus zu finden sind, dafür verantwortlich sind die bei der 

Selektion sterbenden T-Zellen schnell aus dem Kortex des Thymus zu entfernen. Dagegen ist im 

humanen Thymus noch unbekannt welcher Zelltyp dafür verantwortlich ist die enorme Anzahl 

an sterbenden Thymozyten aus dem Kortex zu entfernen. Es kann jedoch angenommen werden, 

dass ein ähnlicher Zelltyp wie im Mäusethymus dafür verantwortlich ist. 

 

In dieser Arbeit wird ein spezifischer Typ von hämatopoietschen Antigen-präsentierenden Zellen 

im humanen Kortex durch die Expression des C-Typ Lectins DC-SIGN, einem Zellmarker für 

unreife dendritsche Zellen, identifiziert. Diese Zellen weisen Merkmale sowohl von dendritschen 

Zellen als auch von Makrophagen auf und sind ausschließlich im Kortex des Thymus zu finden. 

Es wird gezeigt, dass diese DC-SIGN+ Zellen, apoptotische Thymozyten aus dem Kortex des 

Thymus aufnehmen und entfernen (Kapitel 2). Darüber hinaus exprimieren sie das molekulare 

Chaperon HLA-DM, dass ein Kennzeichen für Zellen ist, die Antigen präsentieren. Die 

Expression von HLA-DM legt daher nahe, dass diese DC-SIGN+ Zellen zusätzlich an der 

Selektion von T-Zellen  im Kortex des Thymus beteiligt sind. Diese DC-SIGN+ Zellen werden 

daher im Folgenden als hämatopoietische Antigen präsentierende Zellen (hAPC) bezeichnet. 

Ein weiterer Hinweis, dass diese kortikalen hAPC eine Rolle in der Selektion von Thymozyten 

im Kortex spielen besteht darin, dass diese Zellen das kostimulierende Molekül VCAM-1 co-

exprimieren (Kapitel 3). VCAM-1 ist dabei ausschließlich auf kortikalen hAPC exprimiert und 

nicht in der Medulla zu finden. Es ist bekannt, dass VCAM-1 die Aktivierung naiver T-Zellen 

kostimuliert. In dieser Arbeit wird gezeigt, dass rekombinantes VCAM-1 nicht nur speziell 

kortikale T-Zellen bindet, sondern auch in vitro in Kombination mit einem TCR Signal ihre 

positive Selektion kostimuliert. Ein TCR- oder Kostimulationssignal alleine führt jedoch nicht 

zur positiven Selektion von Thymozyten. Dies weist darauf hin, dass Kostimulation nicht nur für 

die negative Selektion notwendig ist, sondern auch für die positive Selektion. Interessant ist, dass 

VCAM-1 sehr stark besonders auf kortikalen hAPC exprimiert wird jedoch nicht oder nur sehr 

schwach auf Epithelzellen. Dies legt nahe, dass kortikale hAPC an der positiven Selektion von 

T-Zellen beteiligt sind. 

Es wird weiterhin gezeigt, dass der Rezeptor DC-SIGN, der ausschließlich auf kortikalen hAPC 

exprimiert wird, spezifisch apoptotische Zellen bindet. Dies stimmt sehr gut mit der oben 

beschriebenen Funktion von kortikalen hAPC in der Aufnahme und Entfernung von 
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apoptotischen Zellen aus dem Kortex des Thymus überein. Zusammengefasst lassen diese 

Ergebnisse auf eine doppelte Funktion kortikaler hAPC einerseits in der Selektion von 

Thymozyten und andererseits in der Entfernung von apoptotischen Zellen aus dem Thymus 

schließen. 

Ähnlich wie DC-SIGN+ hAPC im Kortex des humanen Thymus wurden im Thymus der Maus 

kortikale Zellen beschrieben, die apoptotische Zellen aus dem Kortex des Thymus entfernen. 

Aufgrund dieser Tatsache und aufgrund der Expression des Makrophagen Markers F4/80 wurden 

diese Zellen als Makrophagen identifiziert. Übereinstimmend mit den Ergebnissen aus den hier 

dargestellten Studien im humanen Thymus exprimieren auch diese F4/80+ Makrophagen das 

Kostimulatiosmolekül VCAM-1. Dies legt nahe, dass diese Zelltypen in Maus und Mensch 

homolog sind. Folglich ist es sehr wahrscheinlich, dass auch F4/80+ Makrophagen eine Rolle in 

der positiven Selektion von Thymozyten spielen.  

Es ist bekannt, dass mit ICAM-1 ein weiteres kostimulierendes Molekül im Thymus exprimiert 

wird. Daher wird das Potential von ICAM-1 und VCAM-1 zur Kostimulation positiver Selektion 

von Thymozyten der Maus in vitro verglichen (Kapitel 4). Dabei zeigt sich, dass sowohl VCAM-

1 also auch ICAM-1 ein ähnliches Potential besitzen, positive Selektion von T-Zellen zu ko-

stimulieren. Die positive Selektion der T-Zellen geht dabei jeweils mit dem Überleben dieser 

Thymozyten einher. 

Kostimulation erscheint also unabdingbar für den Prozess der positiven Selektion zu sein. Die 

Expression von kostimulierenden Molekülen auf kortikalen hAPC legt außerdem nahe, dass 

nicht nur kortikale Epithelzellen an der positiven Selektion beteiligt sind, sondern auch hAPC. 

 

Die Entdeckung des C-Typ Lektins DC-SIGN im Thymus und die Tatsache, dass DC-SIGN eine 

Rolle in der Aufnahme apoptotischer Zellen durch kortikale hAPC spielt, führte zu der 

Fragestellung, ob auch andere C-Typ Lektine im Thymus exprimiert sind. Aus diesem Grund 

wurde überprüft, ob auch das C-Typ Lektin MGL im Thymus eine Funktion im humanen 

Thymus hat (Kapitel 5). Es wird gezeigt, dass MGL in der Tat auf Makrophagen exprimiert ist, 

die sich in der Nähe von Blut- und Lymphgefäßen in den Septa des Thymus befinden. 

Rekombinantes MGL bindet diese Blut- und Lymphgefäße in situ, indem es mit 

Kohlenhydratmolekülen auf diesen Gefäßen interagiert. In Transmigrationsstudien, bei denen 

MGL+ Makrophagen durch eine Schicht von Endothelzellen migrieren, wird gezeigt, dass MGL 

die Migration durch diese Endothelzellen verlangsamt. Da eine große Menge von MGL+ 

Makrophagen im Thymus in der Nähe von Blutgefäßen gefunden werden, kann man schließen, 

dass die Aufgabe von MGL darin liegt Makrophagen in der Nähe dieser Gefäße zu 
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immobilisieren. Die dabei entstehende Struktur ähnelt Sinusoiden in der Milz, eine Struktur von 

der angenommen wird, dass sie dazu dient, Antigen aus dem Blut zu filtirieren. Eine ähnliche 

Funktion wäre auch für die gefundenen Strukturen im Thymus vorstellbar. 

Die Identifizierung von DC-SIGN, MGL und anderen C-Typ Lektinrezeptoren im humanen 

Thymus, die spezifisch Kohlenhydratstrukturen erkennen können, unterstreicht die Wichtigkeit 

von spezifischer Erkennung von Kohlenhydratmolekülen im humanen Thymus. Um einen 

besseren Überblick über die im Glykosilierung im humanen Thymus zu gewinnen, wird die 

Verteilung von verschiedenen Kohlenhydratmolekülen im Thymus in den verschiedenen 

Mikrostrukturen des Thymus mit Hilfe von Pflanzenlektinen, deren Spezifizität für bestimmte 

Kohlenhydratmoleküle bekannt ist, untersucht (Kapitel 6). Dabei wird festgestellt, dass in der 

Tat verschiedene Mikroumgebungen des Thymus eine einzigartige charakteristische 

Glykosylierung aufweisen. Dies unterstreicht die Wichtigkeit von Glykosylierung während der 

T-Zell Entwicklung im Thymus. 

Zusammengefasst zeigt diese Arbeit neue Zelltypen, Moleküle und Mechanismen auf, die im 

humanen Thymus eine Rolle in Bindung, Selektion und Entfernung von Thymozyten spielen. 

Zusätzlich weist diese Arbeit auf die wichtige Rolle der Glykosilierung von Mikrostrukturen  im 

Thymus hin, die spezifisch von C-Typ Lektinen, die auf verschiedenen Zellen im Thymus 

exprimiert werden, erkannt werden können. Weitere Forschungsarbeit ist jedoch notwendig, um 

ein tiefergehendes Verständnis der hier beschrieben Mechanismen in der T-Zell Entwicklung  zu 

erlangen. 
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