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Abbreviation 

  

TCR T cell receptor 

APC Antigen presenting cell 

DC Dendritic cell 

FCS Fetal calf serum 

VLA-4 Very late antigen 4 

LFA-1 Leukocyte function associated antigen 1 

ICAM-1 Intercellular adhesion molecule 1 

VCAM-1 Vascular adhesion molecule 1 

MadCAM-1 Mucosal addressin cell adhesion molecule 1 

HEV High endothelial venules 

MLN Mesenteric lymph node 

PP Peyer’s Patch 

IS Immunological synapse 

SMAC Supramolecular activation complex 

CTL Cytotoxic T lymphocyte 

ADAP Adhesion and degranulation promoting adapter protein   

CFSE 5-(and 6-)carboxyfluorescein diacetate succinimidyl ester 

BrdU Bromodeoxyuridine 

GVHD Graft versus host disease 
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1. INTRODUCTION 

Rejection remains to be the major problem to be overcome in organ transplantation.  The 

immunological process of allograft rejection is characterized by several closely related 

events, including presentation and recognition of alloantigen, activation and expansion of 

host T cells, infiltration of lymphocytes into the graft, and ultimately, damaging of the graft 

by cytotoxic effector T cells. During this process T cells use integrins in essentially all of 

their functions. T cells can express at least 12 of the 24 known integrin heterodimers (1). The 

four leukocyte-specific ß2 integrins ( Lß2,
 

Mß2, Xß2, Dß2) are found on T
 
cells, Lß2 

(leukocyte function-associated antigen-1, 
 
LFA-1) being the most abundant and widespread 

in expression.
 
T cells also express the two ß7 integrins ( 4ß7

 
and Eß7) and, in common with 

many other cell types,
 
the extracellular matrix (ECM)-binding ß1 integrins

 
( 1– 6ß1).  

 

Role of Integrins in Allograft Rejection: Extravasation 

In order to be activated in secondary lymphoid organs T cells need to cross the vascular
 

endothelium of the blood vessel and migrate to peripheral lymph nodes to interact with 

antigen presenting cells (APC). Their first encounter with endothelium
 
occurs when L-

selectin on T cells binds to its glycosylated
 
ligand on endothelium or, alternatively, when 

ligands on
 
the T-cell surface bind E- or P-selectin expressed by activated endothelial cells. 

The rapid on-off binding of selectins reduces
 
the velocity of the blood-borne T cell, which 

subsequently rolls
 
along the vascular wall. Integrins 4ß1 (very late antigen 4, VLA-4) and 

4ß7
 
can also serve as ‘rolling receptors’. This slowing of the T

 
cell allows it to sense agonists, 

such as chemokines, which
 
are presented on the endothelial surface. Chemokine receptor

 

signalling activates integrins on the T-cell surface through
 
the heterotrimeric G protein G i 

and thereby enables the T cell
 
to adhere and then migrate across the vascular wall. The most
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important integrins during this process are LFA-1, 4ß1
 
and 4ß7. Their ligands on the 

endothelium are members
 
of the immunoglobulin superfamily named intercellular adhesion

 

molecule (ICAM)-1, ICAM-2, vascular cell adhesion molecule (VCAM)-1
 
and mucosal 

addressin cell adhesion molecule (MAdCAM)-1. The fact that 4
 
integrin is prominently 

displayed on the microvilli of activated
 
T cells supports the idea that it acts as the capture 

integrin
 
on the vasculature, whereas LFA-1, which is only expressed on

 
the T-cell body, takes 

over once the T cell rolls along the
 
endothelium (2,3). Other reports, however, support a 

prominent role of LFA-1/ICAM-1 rather than 4 integrin/VCAM-1 for migration of T cells 

across
 
endothelial cells in vitro (4, 5). The relative importance of these integrins for T cell 

extravasation has to date not definitively been clarified. 

 

Role of Integrins in Allograft Rejection: Migration in Tissues and Trafficking into Grafts 

After crossing the endothelium T cells must migrate through the perivascular
 
basement 

membrane (PBM). Since the PBM is rich in integrin
 
ligands such as laminin and collagen 

type IV, integrins are
 
good candidates for mediating this process. In vivo studies

 
show that 

neutrophil migration across the endothelium causes
 

6ß1 activation, which the neutrophil 

uses to migrate
 
through the laminin-containing PBM (6).

 
Whether the same applies to T cells 

is unknown. Other molecules, e.g. matrix metalloxproteinase-2, were shown to be induced by 

binding of VLA-4 to VCAM-1 on endothelial cells, which may facilitate T cell migration 

into perivascular tissues (7). In order to encounter antigen presenting cells (APC), 

lymphocytes migrate across the wall of high endothelial venules (HEV) into the lymph node. 

It was demonstrated that the majority of T lymphocytes use either VLA-4 or LFA-1 to bind 

and transmigrate HEV. LFA-1 makes a larger contribution to transendothelial migration than 

VLA-4 (8). T cells were also found to use both VLA-4 and LFA-1 to bind to germinal 
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centres of human tonsils and may influence the selection of B cells (9). Activated host CD8 T 

cells upregulate β7 integrin and are recruited to the mesenteric lymph nodes (MLNs) and 

Peyer’s patches (PPs) of small intestinal allografts by binding to their ligand, MadCAM-1, 

which is selectively expressed in lymphoid compartments of small bowel (10). In a rat model 

of chronic rejection anti-β2 integrin antibody effectively inhibited the influx of lymphocytes 

into kidney grafts (11).  

 

Figure 1 The multi-step model of T-cell migration. T cells migrate from the blood, across the 

vascular endothelium into infected tissue or into lymph node (LN). The receptors involved in 

stages 1-6 are indicated in tabular form. LFA-1 is mainly involved in step 3 and 4, Nancy 

Hogg, Journal of Cell Science 2003. 
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Role of Integrins in Allograft Rejection: Formation of the Immunological Synapse 

When a T cell engages an APC, such as a dendritic cell (DC), key
 
receptors at the cell-cell 

contact site reorganize to form the ‘immunological
 
synapse’ (IS) on the surface of the 

engaged T cell (12, 13). Formation of the IS is correlated with initiating full T cell activation 

including proliferation and cytokine production (14).The hallmarks of a mature
 
synapse are 

binding and transport of peptide-MHC complexes into the
 
central supramolecular activation 

complex (cSMAC), surrounded
 
by a more extensive LFA-1-rich region, the peripheral 

supramolecular
 
activation complex (pSMAC) (12,15). In

 
vitro, APC surfaces can be 

mimicked by a lipid bilayer containing
 
peptide-bound major histocompatibility complex 

(MHC) class I/II
 
molecules (the TCR ligand) and ICAM-1, and this is sufficient

 
for IS 

formation, highlighting the essential role of LFA-1 in
 
the process (16). Blocking ICAM-

1/LFA-1 interactions alters synapse morphology and reduces the area and density of 

accumulated complexes, resulting in reduced T cell proliferation (17). In addition, the
 

immunological synapse is also formed upon cytotoxic T lymphocyte (CTL)-target cell 

interaction. Similar to the synapse formed in resting
 
T cell-APC interactions, the CTL 

synapse also has LFA-1 in the
 
periphery and TCR/CD3 in the centre with a secretory domain, 

which is inserted in a gap between the two and which is mainly composed of Golgi complex 

and lytic granules (18, 19).  
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Figure 2 The spatial segregation of engaged receptors and intracellular proteins in distinct 

Supra-Molecular Activation Complex (SMACs). The central SMAC (c-SMAC) is comprised 

of TCR, CD3 and other receptors, the peripheral SMAC (p-SMAC) is comprised of LFA-1 

and talin, Abraham Kupfer, Seminars in Immunology 2003. 

 

Role of Integrins in Allograft Rejection: Costimulation for T cell Activation 

A number of reports suggest a role for signalling through
 
LFA-1 in costimulation of T cells 

(20). As examples,
 
engagement of cell surface LFA-1 with plate-bound ICAM-1 enhances

 
T 

cell activation following cross-linking of the TCR-CD3 complex
 
(21). Stimulator cells 

transfected with MHC and ICAM-1,
 
but not those transfected with MHC alone, induce 

proliferation
 
and IL-2 secretion in naive T cells (22). In support of a role

 
in second signal 

generation, LFA-1 coengagement induces transmembrane
 
signals distinct from those 

delivered through the TCR-CD3 complex
 
alone (23). In T lymphocytes,

 
coligation of LFA-1 

and CD3 can lead to a sustained intracellular
 
calcium response and related downstream 

kinase activity. Alternatively, LFA-1 can mediate costimulatory activity
 
through 
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reorganization of the actin cytoskeleton or organization
 
of the immunological synapse. In 

either
 
case, LFA-1 costimulation ultimately leads to enhanced secretion

 
of IL-2 through 

enhanced IL-2 transcription, in the absence of any
 
effect on IL-2 mRNA stabilization (24). 

Treatment with anti-integrin (α4/LFA-1) antibody on day 4 after transplantation, at a time 

point when leukocyte infiltration was well established in the allograft, still provided 

protection of the graft via inhibition of proliferative responses and IL-2 production beyond 

the inhibition of cell trafficking into the grafts (25). 

 

Regulation of Integrin Activation (LFA-1)  

Unstimulated endothelium
 
constitutively expresses ICAM-1, although at low levels, and

 

ICAM-2. Therefore, circulating T cells are continually exposed
 
to LFA-1 ligands on the 

vasculature, and their ligand-binding
 
activity needs to be tightly regulated. Current 

information on integrins suggests that there are two modes of regulation: ligation of cell-

surface receptors, such as the TCR or chemokine
 
receptors, generates intracellular signals 

that increase LFA-1-mediated
 
cell adhesion. This is termed inside-out activation. Addition

 
of 

the divalent cations Mn
2+

 or Mg
2+

 or activating antibodies
 
that bind to the extracellular 

portion of LFA-1 causes conformational
 
changes that also activate LFA-1. This is termed 

outside-in
 
activation. Although multiple molecules, e.g. talin (26) and selectins (27, 28) have 

been demonstrated to be closely related to the regulation  of integrin activity the role of 

chemokine and T cell receptor regulation has been most clearly elucidated. 

Chemokines, including CC-chemokine ligand 21 (CCL21), CXC-chemokine ligand 12 

(CXCL12) and CXCL13, rapidly increase the avidity of integrins, which results in 

lymphocyte arrest (29-32). Stimulation of primary T cells with chemokines induces patch-

like clustering of LFA-1 and microclustering of VLA-4 ( 4 1-integrin), and these events 



Introduction 

 11 

correlate with increased cellular adhesion to low densities of ICAM-1 molecules. The affinity 

of LFA-1 and 4-integrins is also augmented by chemokine-induced signalling and is 

important for the homing of lymphocytes to peripheral lymph nodes (33).   

Circulating naive T cells make brief contact with APCs after entering lymphoid tissues. The 

transient activation of integrins by chemokines enables lymphocytes to scan for cognate 

antigen during these short encounters with APCs. When T cells recognize cognate antigen, 

through ligation of the TCR by peptide–MHC, there is a dynamic redistribution of TCR and 

LFA-1 molecules to the site of contact, and this occurs within minutes. LFA-1 molecules 

then translocate from the centre of the contact site to the periphery.This process occurs 

together with the reciprocal movement of TCR complexes. The molecular basis of inside-out 

signalling induced by TCR ligation has been extensively examined, and these studies have 

implicated ITK (interleukin-2 (IL-2)-inducible T-cell kinase), VAV1, ADAP (adhesion- and 

degranulation-promoting adaptor protein; also known as FYB or SLAP130), RAP1 and 

RAPL as inside-out signalling molecules that are activated by TCR ligation. 

 

Adhesion and-Degranulation Promoting Adapter Protein (ADAP) 

In addition to kinases and phosphates, a recent major advance in our understanding of T cell 

signalling has been made with the identification of hematopoietic-specific adapters, proteins 

that lack intrinsic enzymatic activity or receptor function but which contain domains that 

promote formation of multiprotein signaling complexes. A large body of evidence now 

indicates that at least four hematopoietic-specific adapter substrates of TCR-stimulated 

PTKs, including Src homology 2 (SH2)-domain containing leukocyte phosphoprotein of 

76 kDa (SLP-76), linker for activated T cells (LAT), Gads, and adhesion-and-degranulation-

promoting adapter proteins (ADAP), play nonredundant roles in cellular activation. 
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SLP-76 was the first adapter shown to perform critical functions in both T-cell signalling and 

development. Thymocytes do not develop beyond the CD4/CD8 double-negative (DN) stage 

in SLP-76-deficient mice, strongly suggesting that SLP-76 is required for pre-TCR initiated 

signals leading to thymocyte differentiation (34, 35). Among the proteins known to associate 

in a TCR-inducible manner with the SLP-76 SH2 domain is the adapter protein ADAP 

(formerly known as SLP-76-associated phosphoprotein of 130 kDa (SLAP-130) or Fyn-

binding protein (Fyb)). ADAP is expressed in T cells and myeloid cells that are 

phosphorylated upon TCR stimulation. Two isoforms have been cloned of 120 and 130 kDa, 

which differ in expression levels between thymocytes and peripheral T cells.  

 

Defect of T cell Proliferation and Cytokine Production in ADAP-deficient Mice 

 The function of ADAP has most clearly been demonstrated in ADAP-deficient mice created 

in two independent labs (36, 37). Both groups reached similar conclusions about the role of 

ADAP in lymphocyte signalling and development. ADAP-null animals exhibit no gross 

alterations in the development of nonlymphoid or B cell compartments. Although ADAP-

deficient mice display modest thrombocytopenia, platelets from the animals show no defects 

in spreading or aggregation function. Further, myeloid development appears undisturbed, and 

ADAP-null macrophages show no deficits in phagocytosis of antibody-coated sheep red 

blood cells or of Listeria monocytogenes in vitro.  

Purified ADAP-deficient peripheral T cells show significantly impaired proliferation to 

agonist anti-CD3ε antibody. The proliferation deficit cannot be overcome by costimulation 

with anti-CD28 antibodies or with phorbol ester. However, mitogenic potential in ADAP-

null cells is not globally impaired, since combined phorbol ester and ionomycin treatment 

elicits proliferation equivalent to wild type levels. Decreased TCR-mediated cytokine 
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secretion in vitro as well as impaired T-cell-dependent immunization responses in vivo 

correlate with the proliferative deficits. Addition of exogenous IL-2 does not rescue the 

proliferative response of ADAP-deficient T cells in culture. 

Despite impaired TCR-dependent proliferation, key proximal TCR signalling events, 

including PTK and MAPK activation as well as calcium elevation, appear normal in ADAP-

deficient peripheral T cells. However, ADAP-deficient cells show marked impairment in 

TCR-stimulated adhesion to ligands of the β1 and β2 families of integrins. Defective TCR-

mediated adhesion in ADAP-null cells is not due to altered integrin expression, and basal 

integrin-specific binding to intercellular adhesion molecule-1 (ICAM-1) is normal. Rather, 

the adhesion deficits correlate with impaired TCR-mediated leukocyte function-associated 

antigen-1 (LFA-1) clustering at the cell membrane. The clustering phenomenon represents a 

stimulation-induced redistribution of LFA-1 molecules that underlies enhanced cell avidity. 

Together, these studies indicate that ADAP is dispensable for signaling events that are crucial 

for TCR-controlled transcriptional activation, yet they establish a critical role for ADAP in 

antigen receptor-mediated proliferation and integrin-dependent adhesion. Deficits in integrin-

dependent T cell adhesion in the absence of ADAP are in keeping with overexpression 

studies implicating ADAP in β1-integrin-mediated T-cell chemotaxis (38) and in adhesion of 

FcεR-stimulated RBL (mast cell tumor) cells to fibronectin, a β1-integrin ligand (39). 

While LFA-1 function has been shown to be required for optimal T-cell activation, it is not 

clear that the integrin activation defect in ADAP-deficient T cells completely accounts for 

their impaired proliferative capacity. Certainly, a causal relationship between TCR-

augmented LFA-1/ICAM−1 interactions and proliferation has been suggested by marked 

inhibition of ICAM-1 costimulated human T-cell proliferation observed in the presence of 

antagonist antibodies to LFA-1. Furthermore, like ADAP-null T cells, LFA-1-deficient 

splenocytes display proliferative defects. However, there are differences between LFA-1- and 
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ADAP-deficient mice. Although ADAP-null T cells show markedly impaired proliferation 

after exposure to immobilized anti-CD3 antibody, LFA-1-deficient T cells proliferate 

normally in response to this stimulus (40). The ability of ADAP to regulate TCR-mediated 

increases in T-cell adhesion to both ICAM-1 and to the β1 ligand VCAM-1 provides a 

potential explanation for the differences in defective antigen-specific T-cell responses 

between LFA-1- and ADAP-deficient mice.  

However, the proliferative defects in ADAP-deficient T cells might also be causally related 

to an as yet unidentified impairment in integrin-independent TCR-mediated signaling events. 

TCR-stimulated modulation of the actin cytoskeleton is one such pathway that deserves 

careful scrutiny in ADAP-null mice. In support of this notion, several recent studies suggest 

the relevance of an Ena/VASP-ADAP axis as a potential basis for ADAP function in T cells. 

Physical association between Ena/VASP proteins and ADAP has been documented in Jurkat 

T leukemia cells (41), and ADAP associates with VASP in macrophages within complexes 

that are augmented by Fc receptor (FcR) signaling (42). Further, interruption of the 

Ena/VASP protein association with ADAP and other ligands blocks actin cytoskeletal 

rearrangement and lamellipodial projection formation in response to contact with anti-CD3-

coated beads (41). In platelets ADAP functioned to relay signals from integrin, 

alpha(IIb)beta(3) to effectors of cytoskeletal reorganization (43). 
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Figure 3 A model for ADAP’s role in inside-out signalling to integrins. (a) Vav1 

regulates both TCR and integrin clustering, whereas (b) ADAP acts 

specifically to couple TCR signalling to integrin avidity modulation and 

T cell adhesion. The molecular mechanisms by which ADAP and Vav1 

modulate integrin avidity changes remain unclear. (c) As well as mediating 

inside-out signaling to integrins, ADAP may also play a role in transducing 

outside-in signals from integrins that regulate T cell activation, Griffiths EK, Curr Opin 

Immunol 2002. 
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ADAP and Organ Transplantation 

Blockade of the LFA-1/ICAM-1 pathway was shown to induce tolerance or prolong graft 

survival in mouse models of heart, skin and islet transplantation (44-48), however the results 

from rat experiments are still controversial. Brandt et al (49) found that treatment with anti-

ICAM-1 and anti-LFA-1 alone or in combination had no effect on allograft survival after 

heart transplantation between fully incompatible rat strains while another group (50) reported 

a promising inhibiting effect of anti-LFA-1 antibody on vascular and cellular rejection in rat 

heart allografts. The differences could be explained by the differences between rat strains, or 

the clone and dosage of antibodies they used. Given the central role played by ADAP in the 

regulation of different aspects of T-cell function, it can be assumed to play an important role 

in the alloimmune responses of organ transplantation rejection. To date the role of ADAP in 

transplantation, however, has not been reported.  

 

 

 

 

 

 



Aims 

 17 

2. AIMS 

The aim of the present investigation was to define the role of ADAP during alloreactive 

immune reponses in vivo and in vitro. To this end the following experimental approaches 

were taken.  

1) The role ADAP in the T cell proliferative responses to allogenic dendritic cell stimulation 

or anti-CD3 plus anti-CD28 monoclonal antibodies (mAbs) was tested in mixed lymphocyte 

reactions in vitro. The production of TH1 and TH2 cytokines was determined using a 

Cytometric Bead Assay. 

2) The role of ADAP during the effector phase was studied using an in vivo CTL assay. 

3) The influence of ADAP deficiency on allograft survival and responsible immunological 

mechanisms were tested by skin and heart transplantation in ADAP-/- mice using a fully 

MHC mismatched donor and recipient strain combination. 

4) The impact of ADAP deficiency on intestinal allograft survival, as well as its synergistic 

effect with costimulation blockade by anti-CD40L mAb on intestinal allograft was 

investigated in a murine small bowel transplantation model. Protective mechanisms were 

studied in different lymphoid compartments by flow cytometry. 
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3. MATERIALS AND METHODS 

Animals 

ADAP deficient mice (ADAP-/-) on the C57/BL6 (B6, H-2b) background (B6.S129-P2-

FYB
tm1Kor

) with a targeted disruption of the ADAP (FYB, SLAP-130) locus were provided 

by Prof. Koretzky (Abramson Family Cancer Research Center, Philadelphia, USA). They 

were bred with their wild type (WT) littermates, C57L/B6 (H-2b), in the Zentrales Tierlabor, 

Medizinische Hochschule Hannover. BALB/c (H-2d) mice were purchased from the 

Zentrales Tierlabor, Medizinische Hochschule Hannover. All animals were maintained with 

controlled light/dark cycles with free access to water and food, and were used at 8-12 week 

of age. All experiments were approved by the Bezirksregierung Hannover (02/619, 04/883). 

Jiong Tian obtained an Ausnahmegenehmigung (509.6-42502/7) to perform the experiments. 

Screening of ADAP-/- Mice 

ADAP-/- mice were backcrossed to C57BL/6 background. Screening was required for 

distinguishing ADAP-/- homozygotes, ADAP+/- heterozygotes and wild type offspring (Fig 

4).  

 

Buffers used in DNA purification and PCR 

1. Digestion buffer 

100mM Tris-HCl (PH 8.0) 

5Mm EDTA (PH 8.0) 
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200mM NaCl 

0.2% SDS 

100 g/ml proteinase K (freshly added) 

2. PCR-Mix (reaction volume 25 l) 

20.125 l H2O (bidistilled, sterile) 

3.275 l 10×PCR buffer (Quiagen) 

0.25 l 10mM dNTPs (Amersham Pharmacia Biotech Inc) 

0.25 l 50 Μ primer 1 (BioTeZ) 

0.25 l 50 Μ primer 2 (BioTeZ) 

0.25 l 50 Μ primer 3 (BioTeZ) 

0.1 l (0.5 units) Taq polymerase (Quiagen) 

0.5 l tail DNA 

3. TAE electrophoresis buffer 

0.04 M Trisbase 

0.02 M acetic acid 

0.001 M EDTA 

4. Agarose Gel 2% 
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30ml TAE buffer 

0.6g Agarose 

5. 10 × loading buffer 

0.25% bromphenol blue (Sigma-Aldrich) 

0.25% xylen-cyanol (Sigma-Aldrich) 

25% Ficoll (type 400) (Sigma-Aldrich) 

in H2O 

 

DNA Isolation 

Genomic DNA was prepared from mouse tail-tip biopsies. Under light general anaesthesia 

with ether, five millimetres of the tip of the tail was cut off and placed in labelled 1.5 ml 

Eppendorf tubes. Tissue samples were incubated at 55°C overnight in 200 l digestion buffer. 

After incubation, 100 l of the middle of the solution was carefully transferred to a fresh 

1.5ml tube. 100 l Isopropanol was added and the liquid were mixed by inverting the tube 

several times to precipitate the DNA. The tubes were centrifuged at 15,000 rpm for 10 

minutes. The supernatant was removed and the pellet was washed with 1ml 70% ethanol. 

After centrifugation at 15,000 rpm for 10 minutes supernatant was removed and the DNA 

pellet was dried at room temperature for 30 minuets and finally resuspended in 100 l of H2O. 

Purified DNA was then stored at 4°C until further use and 0.5 l of DNA was used for 

further PCR. 
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Polymerase Chain Reaction (PCR) 

Reactions were done in the above mentioned PCR mix using the Gene Amp PCR System 

9600 (Perkin Elmer).  

Initial denaturation 94°C 5 min 1 cycle 

Denaturation 94°C 15 sec 

Annealing 55°C 30 sec 

Extension 72°C 60 sec 

 

35 cycle 

Final extension 72°C 10 min 1 cycle 

The PCR cycle was composed of three reactions, all of which were performed at different 

temperatures. In the first reaction, the template DNA was denatured to single strands at high 

temperature for a short time (94°C for 15 sec in our reactions). In the second reaction, the 

temperature was lowered to allow the primers to anneal to the template DNA, again for a 

short time (55°C for 30 sec). In the third reaction, the temperature was raised to the optimal 

temperature for the DNA polymerase to synthesize DNA (72°C for 60 sec). It was necessary 

to repeat this cycle 35 times in order to synthesize enough DNA for analysis by agarose gel 

electrophoresis. 

ADAP+/+ wild type forward: 5’-CCG TGG GGC CAA AGT CAG GAG AA-3’ 

ADAP+/+ wild type reverse: 5’-CCC ACC CCA AGG TCC TTT CTT AC-3’ 

Neomycin reverse: 5’-GCG CTA CCG GTG GAT GTG GAA TGT-3’ 

Knockout mice were genotyped by PCR analysis of DNA prepared from the tail. The PCR 

analysis used the primer set ADAP+/+ wild type forward and ADAP+/+ wild type reverse 
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which generates the wild type allele. The primer set ADAP+/+ forward and neomycin 

reverse was used to identify the targeted knockout allele. 

Electrophoresis 

Double-stranded DNA (PCR products) is normally analyzed on agarose gels with Horizon 58 

electrophoresis systems (Gibco BRL Life Technologies). A 2% agarose gel was prepared and 

2 l Ethidium bromide (10mg/ml, Life Technologies) was added to stain the DNA. The 2% 

agarose gel was placed in the electrophoresis chamber with the pockets closest to the 

cathode. 1×TAE buffer was poured into the tank. 

1 l loading buffer was added to 9 l PCR products and resuspended. 8 l of sample was 

loaded into a pocket of the gel. The first pocket contained the DNA ladder (100bp, 

Invitrogen). The samples were electrophoresed at 70 volts for 60 minutes. Then the gel was 

examined on the Eagle Eye II (Stratagene) under ultraviolet light, image was captured and 

printed.  

 

                     A        B         C 

Figure 4 DNA bands of genotypes of wild type (band A), heterozygous knockout (band B) 

and homozygous samples (band C) 
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In vitro T cell Proliferation and Cytokine Production Assessment 

Allogenic dendritic cells (DC) were generated according to a modified protocol described by 

Lutz et al (51). In brief, 2×10
6
 bone marrow cells of BALB/c mice were cultured in RPMI 

1640, 10%FCS, β-ME, glutamine, and penicillin/streptomycin supplemented with 100-

200ng/ml GM-CSF for 7 or 8 days. Cells were matured for 2 additional days with 30ng/ml 

TNF-α. For CFSE-labelling lymphocytes were harvested from peripheral lymph nodes, and 

5×10
6
 cells/ml were pre-incubated for 30 min in RPMI containing 5% FCS at 37 °C. 

Subsequently, 5 M 5-(and 6-)carboxyfluorescein diacetate succinimidyl ester (CFSE) was 

added and cells were incubated for 10 min and washed in ice cold PBS with 3% FCS to stop 

the labelling procedure. On day 0 the labelled lymphocytes were cocultured with either 

mature donor DCs at a 5:1 ratio or with anti-CD3 (500ng/well) plus anti-CD28 (50ng/well). 

On day 3 and 4 cells were harvested, stained by PE-conjugated rat anti-mouse CD4, and were 

analyzed by flow cytometry. At the same time the supernatants were collected, and the 

cytokines IL-2, IL-4, IL-5, IFN-γ, TNF-α were checked by the BD
TM 

Cytometric Bead 

Assay. Briefly, supernatants were incubated with five bead populations labelled with distinct 

fluorescence intensities which have been coated with capture antibodies for the described 

five cytokines for two hours at room temperature. Afterwards the supernatants were washed 

and centrifuged to get the bead pellet. The bead pellet was washed and resuspended for 

analysis by flow cytometry. The absolute concentrations of five cytokines were determined 

according to the standard curve.  

 

In vivo Cytotoxic T Lymphocyte Assay 

The in vivo cytotoxic T lymphocyte function was studied using a modified protocol 

according to D. Nelson et al (52). Allogenic BALB/c skin was grafted to ADAP-/- and WT 

recipients on day 0 to prime the recipient. On day 8 target cells were labelled with CFSE. 
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BALB/c (allogenic) and C57BL/6
 
(syngenic) pooled spleen and lymph node cell suspensions 

were washed and resuspended in PBS. 2×10
7 

BALB/c cells were labelled with 4 µM CFSE 

(CFSE
high

) and C57BL/6
 
cells with 1 µM CFSE (CFSE

low
), respectively, for 15 minutes at 

37°C. 10 ml cold PBS containing 5% FCS was added to stop the labelling procedure. For i.v. 

injection, 1 x 10
7
 cells of each

 
population were resuspended in 200 µl of PBS per recipient 

mouse. In vivo cytotoxicity was determined by collecting the lymphocytes from peripheral 

lymph nodes of recipient mice 6 h after i.v. injection and by detecting target cell populations. 

The ratio between the percentages of allogenic
 
vs syngenic cells [1- (CFSE

high
/CFSE

low
)] was 

calculated to obtain
 
a numerical value of the cytotoxic killing rate.  

 

Heterotopic Heart Transplantation 

Ketamine and Rompum were diluted to 1:1:18 in Ringer’s lactic solution and was given i.p. 

in a dose of 350 l per female mouse and 450 l per male mouse for anaesthesia. Heterotopic 

heart transplantation was performed according to Corry et al (53). Briefly, the donor heart 

was harvested along with pulmonary artery and aorta after injection of 2 ml heparinized cold 

Ringer’s solution via the vena cava. The graft was stored at 4°C until implantation. During 

the recipient operation, the graft was anastomosed to the recipient’s inferior vena cava and 

abdominal aorta in an end-to-side fashion. Graft function was checked daily by abdominal 

palpation and was scored as previously described: 0 (no palpable heart beating), 1 (merely 

weak contraction), 2 (weak and irregular beating), 3 (diminished but rhythmic beating), and 4 

(strong, fast, rhythmic beating). End point of graft function was confirmed by laparotomy. 

 

Skin Transplantation 

Skin grafting was performed as described by Billingham et al (54). In brief, recipients were 

anesthetized, shaved, and received tail skin grafts on the back. An additional syngenic graft 
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served as control. Bandages were removed after seven days. Transplants were checked daily 

until they had shrunk to a third of its original size or until complete rejection had occurred. 

 

Small Bowel Transplantation 

Heterotopic small bowel transplantation (SBTx) was performed in a modified technique from 

He et al (55). Combined anaesthesia of Ketamine and Rompun was used as described above. 

 

Donor Operation 

The donor mouse was fixed in a supine position and the abdomen was opened via a 

transverse incision. The colon and ileocolic region were resected after ligation of the middle 

colonic, right colonic and ileocolic vessels. The distal ileum was discarded after bundle 

ligation of corresponding ileal vessels. The intestine was divided at the connection of 

duodenum and jejunum. Thereafter the intestinal lumen was gently flushed with 5 ml saline 

to exclude luminal residues. The duodenum and pancreatic head were excised by serial 

ligations close to the origins of pancreatic vessels. The non-vascularized duodenum was 

pulled out of the incision to the left side of the donor with the gravity of a clip and the 

mesenteric artery and aortic segment were exposed. The right renal artery and celiac trunk 

were ligated close to the aorta with 11-0 nylon sutures. Precise dissection of the hepatic hilus 

was followed by severing of the common bile duct till the portal bifurcation was 

skeletonized. Total duodenum and pancreatic tissue were divided from the main trunk of 

portal vein and superior mesenteric vessels with scrutinizing haemostasis. After that, the 

donor chest wall was flipped and the descending aorta was clamped and a 30G needle was 

introduced into the infrarenal aorta for perfusion. Usually 0.5 ml Ringer’s solution is 

sufficient for a thorough perfusion, which had to be performed extremely gently and ended as 

the colour of the portal vein turned milky. Then the portal vein was divided as close to the 

hepatic hilus as possible. At the end, the graft was harvested along with the aortic segment 
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and portal vein and transferred to 4°C cold Ringer’s solution and kept for temporary storage 

till transplant. 

 

Recipient Operation 

After shaving, the abdomen was entered by a long midline incision. The naïve intestine of the 

recipient was placed outside on the left, enwrapped with moist gauze. The abdominal aorta 

and inferior vena cava were visualized and detected from adipose tissue by a gentle 

manoeuvre with 2 cotton buds. In addition separation of testis vessels was required in male 

recipients. Then the vessels were clamped at the level above the iliac bifurcation and below 

the renal vessels, respectively, leaving an about 1 cm long segment for anastomosis. Slit 

opening with corresponding size of graft vessels was made in aorta and vena cava, the former 

distally and the latter proximally. The intestinal graft was carefully transferred from the 

storage solution to the right side of recipient’s abdominal cavity, care was taken not to make 

the vessels kink or stretch. The graft portal vein was first anastomosed with the recipient’s 

vena cava in an end-to-side manner. Technique of suture from within the wall for posterior 

venous wall reconstruction was adopted for avoiding additional flapping of the graft. The 

graft’s arterial patch was anastomosed with the recipient’s abdominal aorta in an identical 

fashion, except that the posterior arterial wall was sutured after accomplishment of the 

anterior wall by turning over the graft to the left side. For both anastomoses, 11-0 nylon 

sutures were used. Then the clamps were released in a distal to proximal sequence. 

Haemostasis of the anstomoses was obtained by gentle pressing with cotton bud at the site 

for a few seconds. Following that, the right femoral vein was rapidly exposed and 0.6 ml 

Ringer’s solution was given by intravenous injection for rehydration. Then the distal part of 

graft intestine was anastomosed end-to-side with the recipient’s jejunum by 8-0 nylon suture, 

while the proximal intestine was exteriorized to the abdominal wall as a stoma. The abdomen 
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was closed in two layers sutures. Additional 0.3 ml Ringer’s solution was given 

intravenously and another 1.5 ml subcutaneously. 

 

Postoperative Care 

The recipient animals were kept under the infrared lamp or a warm blanket for 6 hrs after the 

operation with free access to water and food. The animals were given 1.5 ml Ringer’s 

solution by subcutaneous injection the next day after transplantation. The stoma was checked 

daily and kept open by gentle dilation. 

 

Rejection Scores 

Recipient survival is not dependent on the survival of the heterotopic intestinal graft. 

Observation of the graft stoma remains controversial in estimating graft survival, so this 

model lacks physical characteristics amenable to serial, non-invasive monitoring. The 

assessment of the intestinal graft is based on its histological appearance. 

Individual features assessed with HE staining included: infiltration of mononuclear cells, 

cryptitis, loss of Goblet cells, mucosal sloughing. Based on these features, rejection was 

scored from 0 to 4 (0: no rejection; 1: modest infiltrations and scattered crypitis, 2: moderate 

infiltrations and focal crypt destruction; 3: massive infiltrations and mucosal ulceration, loss 

of Goblet cells; 4: nearly total mucosal sloughing with transmural necrosis) (56, 57). 

 

Immunofluorescence Staining 

Heart grafts were harvested at the 8
th

 day after transplantation, embedded in Tissue Tek 

freezing medium (Jung, Germany), snap frozen by liquid nitrogen and stored at -80°C. 5- m 

cryostat sections were made (Frigocut 2800E) and air-dried overnight, then transferred to a  

–20°C storage room till staining. The sections were fixed in acetone for 10 minutes at 4°C 

and air-dried for 10 minutes. After washing with TBST washing buffer (10mM Tris, 
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15mMNaCl, 0.1% Tween pH 7.5) sections were twice blocked with 5% rat serum in TBST 

for 10 minutes. Thereafter sections were incubated with primary mAbs (rat anti-mouse) at 

room temperature for 90 minutes. Nuclei were twice (two minutes each) counter-stained with 

DAPI (1:1000) times. Primary mAbs included Cy5-labeled CD3 (CD317A2, AG Forster), 

Cy3-labeled B220 (TIB146, AG Forster), Cy5-labeled CD4 (RmCD4.2, AG Forster), Cy5-

labeled CD8β (RmCD8-2, AG Forster), PE-Gr-1(Ly-6G, BD). Specimens were examined 

using a motorized Axiovert M200 microscope (Carl Zeiss MicroImaging, Inc). Images were 

obtained by automated image assembly applying the AxioVision Rel 4.5 software. 

 

Immunohistochemical Staining 

In order to detect proliferating cells which infiltrated the heart grafts, 120mg/kg 

bromodeoxyuridine (BrdU) (Sigma, USA) was injected i.p. 45 mins before sacrifice. BrdU, a 

thymidine analogue, can be incorporated into proliferating cells (S-phase) much like 

radioactive thymidine. BrdU is then detected by a monoclonal anti-BrdU antibody and 

visualized using a streptavidin-biotin staining system. After harvesting of the heart grafts, 4 

m paraffin embedded sections were made and kept at 4°C till staining. Sections were 

deparaffinized in 2 changes of xylene, 5 minutes each, and then rehydrated in a series of 

graded alcohol dilutions (100% for 5 mins, then 90%, 80%, and 70% for 3 mins each). The 

following staining procedure was performed as shown in table 1 which was provided in the 

BrdU immunohistochemistry system kit (Calbiochem, Germany). 
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Table 1 BrdU staining procedure 

Reagent preparation Incubation  

time (mins) 

Peroxidase quenching solution: add 1 part 30% H2O2 

 to 9 parts absolute methanol. Mix well. 

10 

Trypsin: add 1 drop of reagent 1A to 3 drops of reagent  

1B. Mix well. 

5 

Denaturing solution: reagent 2 (Ready-to-use) 30 

Blocking solution: reagent 3 (Ready-to-use)  10 

Biotinylated mouse anti-BrdU: reagent 4 (Ready-to-use) 60 

Streptavidin-peroxidase: reagent 5 (Ready-to-use) 10 

DAB mixture: add 1 drop of concentrated DAB substrate to 

1 ml of reaction mix  

6A. Mix well. Protect from light and use within one hour. 

2 

Hematoxylin: reagent 7 (Ready-to-use) 2 

 

 

Isolation and Preparation of Cells 

Peripheral and Mesenteric Lymph Nodes 

Peripheral (axillary, brachial, inguinal) and mesenteric lymph nodes were harvested and 

mechanically dissociated in FACS buffer, filtered through a nylon strainer and counted 

(Neubauer improved counting chamber). Nonviable cells were excluded from analysis on the 

basis of trypan blue staining.  
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Peyer’s Patches 

Graft intestine was inspected in a proximal to distal sequence, 3-5 Peyer’s patches (PPs) were 

taken by a pair curved-tip scissors, gently grinded in FACS buffer and passed through a 

nylon strainer. After staining with trypan blue, cells were counted and evenly divided into 4 

or 5 parts for incubation with antibodies. 

 

Graft Infiltrating Lymphocytes from Heart Grafts 

After execution by inhalation of CO2, mice were disinfected by 70% ethanol. Naïve and 

transplanted hearts were harvested and cut into small pieces before being transferred to the 

digestion media (20ml RPMI1640 + 20% FCS + 4.8mg Collagenase A (Roche Diagnostics 

GmbH, Germany)). The digestion procedure was undertaken at 37°C on a shaking machine 

for 75 minutes. Thereafter supernatant was collected and centrifuged at 2000 rpm for 20 

minutes, the cells were suspended by Percoll І (Percoll 40% and PBS 60%), and carefully 

move to Percoll ІІ (Percoll 70% and PBS 30%) as the upper layer. This was followed by 

2000 rpm centrifugation for 20 mins. The intermediate layer containing the lymphocytes was 

harvested and resuspended in PBS/5% FCS. 

 

Graft Infiltrating Lymphocytes from Intestinal Grafts 

In order to get the graft infiltrating lymphocytes (GILs), a defined length of the intestinal 

graft (appr. 12cm) was taken by cutting along the mesenteric side. The corresponding part of 

host gut was taken as control. After dissecting off the attached PPs, the intestine was washed 

gently by cold PBS. The intestine was split longitudinally, washed with cold PBS, minced 

and digested in 50ml digestion media (as previously described) at 37°C for 90 mins. The 

lymphocytes were harvested in the same manner as mentioned above. 
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Monoclonal Abs for Flow Cytometry  

The following primary mAbs used in flow cytometry were either FITC, PerCP, PE or APC 

conjugated: CD4PerCP (L3T4, BD ) ,CD4PE (L3T4, BD), CD4FITC,( L3T4, AG 

Hoffmann), CD8FITC (53-6.7, AG Hoffmann), CD8βPE (RmCD8-2, Caltag ), CD8bio (53-

6.7, AG Hoffmann), CD44PE (IM7, Pharmingen), K
b
FITC  (AF6, BD), CD62Lbio (MEL-

14, AG Hoffmann), Streptavidin APC (Caltag Laboratories, UK) was used as secondary 

antibody for biotinylated primary antibodies.  

 

Flow Cytometry  

5×10
5
 cells from each specimen were centrifuged at 1000 rpm for 3 mins, then washed twice 

in FACS buffer and incubated with primary mAbs for 20 mins at 4°C. The specimens 

incubated with biotinylated mAbs were subsequently stained with streptavidin APC. 

Following washing, all specimens were analyzed in FACS Calibur TM (Becton Dickinson). 

Cell number and percentage of positively stained cells were calculated and compared by 

CellQuest Programm software (BD bioscience, USA).  

 

Statistics 

Mean survival, rejection score, and cell percentages were calculated for each group. Survival 

time and cell percentages between certain groups was compared by independent-samples t-

test, rejection score was compared by Mann-Whitney U test (SPSS 11.5). p<0.05 was 

considered significant. 
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4. RESULTS 

Reduced and Delayed CD4 T cell Proliferative Responses  

Stimulation with monoclonal antibody to CD3 alone, or with anti-CD3 plus anti-CD28 

(CD3/CD28) revealed a clear decrease in the proliferation of ADAP-/- T cells compared to 

ADAP+/- (36, 37). We explored the CD4 T cell proliferative responses of ADAP-/- and WT 

mice to allogenic DC, as well as to CD3/CD28. As shown in Fig 5, on day three after 

stimulation with CD3/CD28 70% of WT T cells had proliferated while only 44% of ADAP-/- 

T cells did. In the case of stimulation with allogenic DCs the percentage of dividing cells in 

ADAP-/- T cells was about half of that in WT. On day 4 the differences of proliferated cell 

percentage between ADAP-/- and WT T cells remained as on day 3 in both ways of 

stimulation. 

 

 

 



Results 

 33 

 

                                 WT                               ADAP-/- 

Figure 5 In vitro proliferation of WT and ADAP-/- CD4 T cells. On day three and four the 

proportion of proliferating cells in ADAP-/- mice was half of that in WT. Allogenic dendritic 

cells from BALB/c mice or anti-CD3/anti-CD28 monoclonal antibodies were used to 

stimulate CFSE-labelled WT and ADAP-/- lymphocytes. After three days of coculture with 

DC or mAbs the proliferation of CD4 lymphocytes was determined in the CD4-PE gate 

analyzing CFSE fluorescence intensity. The result is representative of two independent 

experiments with two mice of each genotype in each experiment, data is shown as mean ± 

SD of duplicate wells.   
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Reduced IL-2 Production after Allogenic DC Stimulation 

Consistent with the reported results that IL-2 production by ADAP-/- T cells after stimulation 

with anti-CD3/CD28 was significantly decreased compared to WT T cells (36, 37), we 

showed that after allogenic DC stimulation the IL-2 production by ADAP-/- T cells was also 

evidently reduced compared to WT T cells (Fig 6).  

 

 

                     WT         ADAP-/- 

Figure 6 IL-2 production in WT and ADAP-/- T cells. IL-2 production in ADAP-/- T cells 

was significantly reduced on day3 after coculture with allogenic dendritic cells (data were 

obtained from four independent experiments done in doublets. 30.1 ± 1.8 pg/ml in ADAP-/-  

vs 91.6 ± 9.6 pg/ml in WT, *: p<0.01).  Lymphocytes were isolated from wild type and 

ADAP-/- mice and cocultured with allogenic DC from BALB/c mice for three days. 

Supernatant was collected and the production of IL-2 was determined by Cytometric Bead 

Assay.  
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Similar CTL Generation in ADAP-/- Mice 

CTL generation was determined by an in vivo CTL assay. To this end WT and ADAP-/- 

mice were primed with BALB/c skin grafts for 8 days. Then CFSE-labelled allogenic 

BALB/c and syngenic B6 cells were injected, and killing of the target cells was determined 

by flow cytometry. The results show that the cytotoxic killing rate of allogenic BALB/c 

target cells by WT and ADAP-/- mice was 97.8% and 93.3%, respectively. Representative 

flow cytometry profiles are shown in Figure 7. The results indicate that the CTL effector 

function in ADAP-/- mice was as effective as in WT mice. 

                  Naive BALB/c                                  WT                                        ADAP-/-                         

Figure 7 In vivo CTL assay. M1: CFSE
low

-labelled B6 cells, M2: CFSE
high

-labelled 

BALB/c cells. Approximately two equal populations were found in the naive BALB/c 

control mice, however a very low proportion of allogenic BALB/c cells were left in the 

WT and ADAP-/- recipients. The killing rate in WT and ADAP-/- mice was 97.8% and 

93.3%, respectively. On day 0 a BALB/c skin allograft was transplanted to WT and 

ADAP-/- recipients. On day 8 lymphocytes were isolated from BALB/c and C57L/B6 

mice and labelled with CFSE of 4 M (CFSE
high

) and 1 M (CFSE
low

), respectively. The 

mixture of CFSE-labelled cells (1:1 in ratio) was transferred to WT and ADAP-/- 

recipients by i.v. injection. 6 hours after injection recipient lymphocytes were harvested 

and analyzed by flow cytometry. The result is representative of six independent 

experiments. Killing rate = [1-(M2/M1)] × 100%. 

cb03692.017

10
0

10
1

10
2

10
3

10
4

CFSE

M1

M2

cb03692.013

10
0

10
1

10
2

10
3

10
4

CFSE

M1

M2

cb03692.015

10
0

10
1

10
2

10
3

10
4

CFSE

M1

M2



Results 

 36 

Prolongation of Heart Allograft Survival but Not Skin Graft Survival in ADAP-/- Mice 

Based on the reported (36, 37) and our own results on the defect of T cell proliferation and 

reduced IL-2 production in ADAP-/- mice we continued to test the responses of ADAP-/- 

mice against non-vascularized and vascularized  allografts in well-established skin and heart 

transplantation models. BALB/c (H-2
d
) mice served as donors, and ADAP-/- mice and wild 

type C57L/B6 (H-2
b
) littermates served as recipients. Compared with wild type recipients, 

heart allografts showed a modest prolongation in ADAP-/- recipients, from 10.4 ± 1.2 days 

(n=8) in WT to 25.2 ± 17.6 days in ADAP-/- (n=10, p<0.05). While the survival of skin 

allografts was not significantly changed in ADAP-/- mice compared to wild type recipients. 

The survival times are shown in Table 2 and Fig 8. 

 

 

Table 2 Graft survival time of heart and skin transplantation in ADAP-/- recipients and WT 

recipients 

 

Grafts Donor Recipient n Graft survival time (day) MST (day) Sig. 

Heart  BALB/c Wide type 8 9, 9, 10, 10, 7, 11, 10, 9 10.4 ± 1.2  

 BALB/c ADAP-/- 10 9, 9, 9, 16, 18, 20, 24, 34, 47, 61 25.2  ± 17.6 P<0.05 

       

Skin BALB/c Wide type 7 8,8,9,9,10,10,12 9.4 ± 1.4  

 BALB/c ADAP-/- 7 8,9,10,12,10,11,12 10.3 ± 1.5 P>0.05 
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Figure 8 Heart graft survival in WT and ADAP-/- recipients. WT recipients (n=8) rejected 

heart allografts within 10.4 days while the mean survival time of heart grafts in ADAP-/- 

recipients (n=10) was significantly prolonged to 25.2 days (p<0.05). Fully MHC-mismatched 

heart grafts were transplanted to WT (blue diamond) and ADAP-/- (pink square) recipients. 

 

Histological Analysis of Heart Allografts 

H&E staining was performed on cryostat sections taken from heart grafts at day 8 after 

transplantation. There was a pronounced mononuclear cell infiltration in wild type (WT) 

heart grafts, and in some cases cardiac muscular necrosis was evident. Compared with WT 

recipients the mononuclear cell infiltration was reduced in ADAP-/- heart grafts and the 

muscular structure was intact (Fig 9).  
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                                 WT                                                 ADAP-/- 

Figure 9 H&E staining of heart allografts in WT and ADAP-/- recipients on day 8 after 

transplantation. The infiltration of mononuclear cells the heart grafts of ADAP-/- recipients 

was reduced compared to WT recipients (magnification ×200). 

 

In order to demonstrate the sub-populations of cellular infiltrates we analyzed the T cell 

markers CD3, CD4, and CD8, as well as the B cell marker B220 and the granulocyte marker 

Gr-1 by immunofluorescence staining. The number of intragraft infiltrating CD3, CD4, and 

CD8 positive cells was significantly decreased in ADAP-/- recipients compared with WT. 

The difference in the number of CD8 positive cells was considerably greater than that in CD4 

positive cells. The number of Gr-1 positive and B220-positive graft infiltrating cells 

remained unchanged between ADAP-/- and WT recipients. Representative images of 

immunofluorescence staining are shown in Fig 10, with illustration of the number of graft 

infiltrating cells in Fig 11.  
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Figure 10 Representative Immunofluorescence images of CD3, CD4 and CD8 cells in the 

heart graft of WT and ADAP-/- mice on day 8 after transplantation. Less infiltration of CD3, 

CD4 and CD8 cells was found in heart grafts of ADAP-/- recipients compared to that of WT 

recipients (magnification × 200).  
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Figure 11 Immunofluorescence staining of CD3, CD4, CD8, B220 and Gr-1 positive cells in 

heart grafts on day 8 post-transplantation in ADAP-/-  vs. WT recipients. The numbers of 

CD3, CD4 and CD8 positive cells were significantly decreased in heart grafts of ADAP-/- 

recipients (magnification ×200, *: p<0.001 vs. WT). Positively stained cells were counted in 

10 random high power fields under magnification ×200 and data are expressed as mean ± 

SD. 

 

BrdU labelling was performed in heart grafts on day 8 after transplantation. BrdU positive 

cells were visualized in a dark-brown colour using a streptavidin-peroxidase and 

diaminobendizine system. As shown in Fig 12, in the heart grafts of WT recipients there was 

a widespread infiltration of BrdU + cells, whereas in heart grafts of ADAP-/- recipients the 

number of BrdU + cells was reduced to about ¼ of that in WT mice (Table 3). 
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      WT                                                     ADAP-/- 

Figure 12 Immunohistochemical staining for BrdU + cells in heart grafts of WT and  

ADAP-/- recipients on day 8 after transplantation (magnification × 400). Less BrdU+ cells 

infiltrated in the heart grafts of ADAP-/- recipients compared to those of WT mice. 

 

Table 3 BrdU + cell infiltration in heart grafts on day 8 post-transplantation in ADAP-/- vs. 

WT recipients.  

 WT ADAP-/- Sig. 

BrdU positive cells 42.6 ± 8.5 10.2 ± 1.7 

 

P<0.001 

BrdU positive cells were counted in 10 random high power fields under magnification ×400 

and data are expressed as mean ± SD. 

 

 

Less CD4+, CD8+ and CD8+CD44+ Cells Infiltrate Heart Grafts of ADAP-/- Recipients 

Intragraft infiltrating lymphocytes were isolated from heart grafts by a collagenase-based 

protocol and were analyzed by flow cytometry. The absolute number of mononuclear cells 

derived from heart grafts in ADAP-/- recipients was decreased to 50-70% of that in WT 

recipient. Both CD4+ and CD8+ cell infiltration was reduced in heart grafts of ADAP-/- 

recipients, especially the CD8+ cells, compared to that of WT recipients (n=6 in each group). 
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These results are consistent with what we got from the immunofluorescence staining shown 

above (Fig 13, a). We also investigated the expression of the activation marker CD44 on 

CD4 and CD8 cells. The results showed significantly reduced numbers of CD8+CD44
high

 

cells in heart grafts of ADAP-/- recipient vs. WT mice (Fig 13, b). 

 

                                  (a)                                                           (b) 

Figure 13 Absolute number of CD4+ and CD8+ cells(a), CD4+CD44
high

 and CD8+CD44
high

 

cells (b) infiltrating the heart grafts of WT and ADAP-/- recipients, * p<0.05 vs WT. 

 

Small Bowel Transplantation in ADAP-/- Mice Without and With Costimulation (CD40-

CD40L) Blockade 

ADAP Deficiency Decreased Rejection Severity in Small Bowel Allografts 

To investigate the rejection of small bowel allografts in ADAP-/- mice, BALB/c intestine 

was grafted into ADAP-/- and WT recipients. We found a pronounced protective effect of 

ADAP deficiency on the intestinal allografts, according to the histological rejection score on 

day 14 after transplantation (Fig. 14). The gross morphology of intestinal grafts of WT 

recipients showed severe distension, massive caseous secretion, blank color and haemorrhage 
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of the PPs. In contrast, in ADAP-/- recipients we found an ameliorated gross morphology 

demonstrated as modest distension and caseous secretion, pale colour and no evident 

haemorrhage of the PPs.  

 

  

 

 

 

 

 

 

Figure 14 Rejection score of intestinal grafts on day 14 after transplantation according to the 

following criteria: (n=6 in each group, p<0.05, ** p<0.001 vs WT) 

Criteria of intestinal rejection score (Guo Z, J Immunol 2001) 

0: No rejection 

1: minimal infiltrate, scattered apoptotic crypts, normal villi 

2: Modest infiltrate, focal crypt destruction, mild villous distortion 

3: Massive infiltrate, focal mucosal ulceration 

4: Near-total mucosal sloughing            

 

*

**

0

0,5

1

1,5

2

2,5

3

3,5

4

4,5

WT WT+MR1 ADAP-/- ADAP-/-+MR1

Re
je

ct
io

n 
Sc

or
e

33..88  
33..55  

22..66  

11..66  



Results 

 44 

The histology of intestinal allografts in ADAP-/- recipients revealed a modest cellular 

infiltration, focal crypt destruction, mild villous architectural distortion. It showed, however, 

that ADAP deficiency couldn’t prevent rejection of SBTx but rather alleviated rejection 

severity compared to WT recipients.  

 

CD40-CD40L Blockade Inhibited SBTx Rejection in ADAP-/- but not WT Recipients 

CD40-CD40L blockade alone has been reported to be ineffective in alleviating SBTx 

rejection in completely allogenic combination (58, 59). We applied the same protocol as our 

group has previously described (59): MR-1 500 g i.p. at day 0, 2, 4, 7 relative to SBTx. For 

assessment of rejection, recipients were sacrificed at the 14
th

 post-transplant day. Anti-

CD40L treated intestinal grafts were macroscopically destroyed due to rejection, with 

massive caseous secretion and marked distension of the lumen. Histology showed massive 

infiltration, severe crypt destruction and focal ulceration in the grafts (Fig 15). These findings 

confirm that MR-1 alone was not efficient in prolonging intestinal graft survival. 

The same protocol of CD40-CD40L blockade applied in ADAP-/- recipients, however, 

showed effective inhibition of SBTx rejection. Histology demonstrated intact structure of 

intestinal villi and well-preserved goblet cells, very mild infiltration, the absence of cryptitis  

when compared with control or MR-1 treated Wt recipients, in which sloughing of the villi, 

massive mononuclear cellular infiltration, loss of goblet cells and focal ulceration were 

evident (Fig 15).  
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                           WT                                                       WT + MR-1 

 

                        ADAP-/-                                              ADAP-/- + MR-1 

Figure 15 Histologic appearance of intestinal allografts on day 14 after transplantation. 

Allografts in the untreated WT group developed severe rejection. Histology showed sloughing 

of the villi, massive mononuclear cell infiltration, loss of Goblet cells and vasculitis. 

Application of MR-1 in WT recipients showed a similar pathological manifestation of 

intestinal grafts. While the rejection severity in ADAP-/- mice was ameliorated, a moderate 

cellular infiltration and well-preserved crypts and villi were found. MR-1 therapy in ADAP-/- 

recipients showed mild changes, intact intestinal villi, less infiltration and good preservation 

of Goblet cells.  
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Less Infiltration and Activation of Host Lymphocytes in Intestinal Allografts in ADAP-/- 

Recipients With and Without Costimulation Blockade 

By analyzing the lymphocytes within graft mesenteric lymph nodes (MLNs), Peyer’s Patches 

(PPs) and graft infiltrating lymphocytes (GILs) at the 6
th

 day after transplantation, we 

compared the differences of host lymphocyte infiltration and activation in the above 

mentioned four groups: group 1 (BALB/c to WT), group 2 (BALB/c to WT+MR-1), group 3 

(BALB/c to ADAP-/-) and group 4 (BALB/c to ADAP-/- +MR-1). 

 

Mesenteric Lymph Nodes 

On day 6 after transplantation the majority of donor lymphocytes (>60%) has been replaced 

by host lymphocytes in untreated and MR-1 treated WT mice while there is more persistence 

of donor cells in MR-1 treated ADAP-/- mice . The percentage of H-2K
b
 positive host CD4 

cells in MLNs was around 10% in group 1, 2 and 3 while in group 4 it was only 2.5% (Fig 

16). Similar to host CD4 cells, host CD8 cells in group 4 were less frequent compared to the 

other groups. 
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Figure 16 Host (H-2K
b
 positive) CD4 and CD8 cells infiltration in MLN of intestinal grafts. 

Less host CD4 and host CD8 in graft MLN of MR-1 treated ADAP-/- mice and more donor 

lymphocytes were preserved. 

 

Besides the reduced infiltration of host CD4 and CD8 cells in MLNs the activation of host 

CD8 cells in group 3 and 4 was decreased (Fig 17). Four of six mice in group 3 and group 4 

each showed a decrease in the number of cells expressing CD44 at high levels (CD44
high

). 

Five of six mice in group 1 and all in group 2 showed a proportion of CD44
high

 cells greater 

than 50% (ranging from 54.9%-95.1%).  
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Figure 17 Activation state of host CD8 cells in graft MLN in the four groups. The proportion 

of CD44
high 

cells was decreased in MR-1 treated ADAP-/- mice. 

 

Peyer’s Patches 

In PPs the infiltration of host CD4 and CD8 cells was similar in all groups. There was no 

difference in the frequency of host CD4CD44
high

 or CD8CD44
high

 cells between the four 

groups. Comparing expression of L-Selectin (CD62L), a marker of naïve lymphocytes, in the 

four groups, the CD62L
low

 /CD62L
high

 ratio in host CD4 and CD8 cells was found to be 

lower in group 3 and 4 (Tab 4), indicating a higher proportion of naïve host T cells 

infiltrating graft PPs of ADAP-/- recipients.  
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Table 4 The ratio of CD62L
low

 /CD62L
high

 in host CD4 and CD8 cells in PPs 

Group 1 2 3 4 

Combination & 

manipulation 

BALB/c to WT BALB/c to WT+MR1 BALB/c to ADAP-/- BALB/c to ADAP-/- 

+MR1 

Host CD4  5.4±6.9 3.8±1.9 1.5±0.8
a
 0.8±0.08

 a, b
 

Host CD8 11.8±16.4 15.5±21.5 2.6±1.7
a
 0.8±0.45

a, b
 

a: p< 0.05 vs group 1 

b: p<0.05 vs group 3 

 

 

We further examined the proportion of CD44
high

 CD62L
low 

and CD44
high

 CD62L
high

 T cells in 

PPs and the result showed a lower proportion of CD44
high

 CD62L
low  

T cells and a higher 

proportion of CD44
high

 CD62L
high

 in ADAP-/- recipients (Fig. 18). The result indicated that 

in ADAP-/- recipients less host effector memory T cells infiltrated the PPs. 
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Figure 18 Effector and central memory cells in graft PPs on day 6 after transplantation. Less 

effector memory cells and more central memory cells were found in ADAP-/- PPs. 

 

Graft Infiltrating Lymphocytes 

The absolute number of host CD4 and host CD8 cells in intestinal grafts in group 3 and 4 

was significantly decreased compared with those in group 1 (Tab 5). 

Table 5 Absolute number (×10
4
) of host CD4 and host CD8 cells infiltrating intestinal grafts 

Group 1 2 3 4 

Combination & 

manipulation 

BALB/c to WT BALB/c to 

WT+MR1 

BALB/c to 

ADAP-/- 

BALB/c to 

ADAP-/- +MR1 

Host CD4  61.5 ± 40 24.2 ± 8.7 19.5 ± 13.2
 a
 21.3 ± 5.9 

a
 

Host CD8 352.2 ± 273.7 126.8 ± 14.1 107.9 ± 38.1 74.0 ± 103
a
 

a: p< 0.05 vs group 1 
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We compared the donor/host ratio in GILs and found that the ratio was highest in the ADAP-

/- treated with MR-1. This shows that more donor cells were preserved in the grafts, probably 

as a sign of a less vigorous alloreactive CTL response in ADAP-/- mice (Figure 19). 
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Figure 19 Donor/host ratio of GILs in the four groups. More donor cells were preserved in 

the MR-1 treated ADAP-/- mice compared to the other three groups. 
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5. DISCUSSION 

ADAP deficiency prolongs heart graft survival but does not induce tolerance 

Transplant outcomes in ADAP-/- recipients in our study showed that rejection of heart grafts 

could be delayed by targeting ADAP, but tolerance was not achieved. Since the most 

important ADAP-mediated mechanism is related to LFA-1 activation we can compare the 

present results to those obtained from LFA-1/ICAM-1 blockade. Our in vivo results are 

consistent with the report of Chan BM, who showed that LFA-1 blockade by monoclonal 

antibodies prolonged heart allograft survival but couldn’t induce tolerance (60). They also 

showed that anti-LFA-1 mAb significantly reduced proliferative responses in mixed 

lymphocyte reactions and inhibited interleukin-2 production from recipient splenocytes.  

In our in vitro proliferation assay we obtained similar results. ADAP-/- CD4 T cells showed 

a significantly reduced proliferative response both to anti-CD3 plus anti-CD28 as well as 

allogenic dendritic cell stimulation. In mice of both genotypes the proportion of proliferated 

cell by anti-CD3 plus anti-CD28 was much higher than after allogenic stimulation. This 

effect can easily be explained by the fact that all conventional α/β T cells were stimulated via 

CD3 and CD28, whereas only the subset representing alloreactive T cells responded the 

stimulation by allogenic DCs. 

Accompanying the defect in proliferation, production of IL-2 by ADAP-/- T cells was clearly 

reduced (more than 50%). These results indicate that the initiation of the alloimmune 

response was hampered by ADAP deficiency. However, it was not sufficient to inhibit other 

complementary pathways to induce the delayed rejection. 

These findings resemble published results following LFA-1 blockade by anti-LFA-1 

antibody treatment. In the latter situation a prolongation of graft survival, but not tolerance, 
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were observed Instead, tolerance was achieved by anti-LFA-1 combined with anti-ICAM-1 

(61, 62) or bone marrow transplantation and other immunosuppressants (63, 64). LFA-1 is 

important but not the unique adhesion pair involved in leukocytes migration, infiltration and 

activation of lymphocytes. In addition, there are several complementary adhesion receptors 

such as P-selectin (65) and VLA-4/VCAM-1 (66, 67) favourable to the process.  

We found that ADAP-/- recipients rejected skin allografts with the same kinetics as wild type 

recipients. It is possible that the effect of ADAP deficiency depends on the organ or tissue 

transplanted and also on the strain of the allograft recipient. The recipients we used, C57BL/6 

mice, are highly responsive in organ transplantation. In addition, skin transplants are more 

immunogenic than heart grafts. We found a similar result in the anti-LFA-1 trials: anti-LFA-

1 was reported to be quite effective as a monotherapy for islet allografts in CBA and BALB/c 

recipients, but was considerably less effective in C57BL/6 recipients (68), and has virtually 

no effect in prolonging skin transplant survival (63). 

 

Similar CTL generation in ADAP-/- mice as WT 

Another reason that we failed to induce tolerance in ADAP-/- mice is that the cytotoxic T 

lymphocytes were generated effectively. There were reports that tolerance was always 

accompanied by effective suppression of MLR, IL-2 production and CTL generation (69, 70) 

Our in vivo CTL results showed that most donor cells were killed by ADAP-/- recipients as 

with similar efficiency as seen in WT recipients. Therefore it appears that LFA-1/ICAM-1 

interactions are non-essential for CTL activity during the effector phase of the alloimmune 

response. 
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Intra-graft infiltration, proliferation and activation was decreased in ADAP-/- heart 

allografts 

Leukocyte infiltration is a landmark feature of organ rejection. In the present study it was 

found that infiltration of T cells, as well as the CD4+ and CD8+ T cell subsets was markedly 

reduced in ADAP-/- recipients. ADAP deficiency could theoretically affect the infiltration of 

lymphocytes into the allograft via inactivation of LFA-1 (36, 37) or/and by interfering with 

the β1 integrin-mediated migration (38). LFA-1 has been revealed to be pivotal in 

lymphocyte transendothelial migration (71) and lymphocyte trafficking from peripheral 

blood to lymph nodes (72). The difference in the number of infiltrating CD8 cells in the 

allograft between the two genotypes is bigger than that of intragraft CD4 cells. A possible 

explanation is that ADAP-/- has a preferential effect on CD8 cells compared to CD4 cells via 

LFA-1 inactivation and it has been widely accepted that LFA-1/ICAM-1 ligation provides a 

much more effective
 
costimulation signal in CD8

+
 T cells than in CD4

+
 T cells (73-75).  

 In contrast to the failure of neutrophils to cross endothelial cell monolayers in response to a 

chemokine gradient in LFA-1 deficient mice (76) a similar extent of infiltration of Gr-1 

positive cells (mostly neutrophils) in the heart grafts of ADAP-/- recipients was demonstrated 

in our study. The early inflammatory response during reperfusion of transplanted organs is 

initiated by the infiltration of polymorphonuclear leukocytes (PMNs) into the graft and it has 

been proven that neutrophils do play a role in rejection and graft injury (77, 78). The number 

of infiltrating B cells in grafts of ADAP-/- mice was similar to that in WT mice since ADAP 

expression is restricted to T cells but not B cells (37). Actually B cells or humoral mediators 

do play a pivotal role in organ transplantation as reported by Snanoudj R (79) and others (80, 

81). The same extent of granulocyte and B cell infiltration in heart grafts of ADAP-/- 

recipients as in WT control may in part explain the delayed but ultimately unprevented 

rejection. 



Discussion 

 55 

Besides, our results showed that less CD8CD44
high

 cells were present in heart grafts of 

ADAP-/- mice. CD44 is an important activation marker for T cells and mediates leukocyte 

recruitment at inflammatory sites and lymph nodes (82, 83). In theory, recipient’s T cells can 

be activated in two compartments: inside of the graft or in the secondary lymphoid organs 

(SLO). In the former model T cells infiltrate into the graft and are activated by donor APC or 

other cell types, which could be the MHC-П expressing endothelial cells in the case of heart 

transplantation (84-87). In the latter model donor APCs migrate to SLO and activate the T 

cells. In turn activated T cells upregulate CD44 and downregulate L-Selectin (CD62L), 

which facilitates their infiltration into the graft (88). We may speculate that ADAP-/- T cells 

infiltrating into the graft had a defect in being activated by donor APC or endothelial cells. In 

contrast to CD8 cells there were no differences in the frequency of CD4CD44
high

 cells 

between WT and ADAP-/- mice. This is consistent with a model in which LFA-1 plays a 

preferential role in CD8 cell activation rather than in CD4 cells (89-91). 

 

Small bowel transplantation in ADAP-/- mice 

Decreased rejection severity and less host infiltration in MLN in ADAP-/- mice 

Small bowel allografts contain a large number of lymph nodes in the mesenterium. These 

mesenteric lymph nodes (MLNs) are not only a source of donor-derived professional antigen-

presenting cells, but also offer a space for immune interactions between donor and host cells. 

Indeed, interesting immune responses in graft MLNs following small bowel transplantation, 

unlike those in parenchymal tissues, have been described (92, 93). The population of cells 

contained in graft MLNs dynamically changes after intestinal transplantation due to 

migration of donor cells and infiltration of recipient cells. While the principal role of regional 

lymph nodes of the host in initiating acute rejection of vascularized allografts is well 
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recognized, the impact of the graft MLNs as a field of immune responses on intestinal 

transplantation has not been fully understood. 

Our results of SBTx revealed a relative protection against rejection in ADAP-/- mice, 

although the average rejection score was higher than 2, which means there were 

morphological changes of the villi. It is not surprising if the high immunogenicity and heavy 

lymphoid contents of the intestinal grafts are considered as risks of rejection. We found less 

migration of host CD4 and CD8 cells to graft MLN and less activation of host CD8 cells in 

ADAP-/- recipients. This is what we expected, because LFA-1 plays an important role in the 

infiltration of lymphocytes into lymph nodes, and the model we used did have a defect in 

LFA-1 activation. Our results showed that the infiltration and activation of host cells in graft 

MLN clearly correlated with rejection severity. Similar results were reported by H. 

Kanokogi, who showed that donor lymphocytes in graft MLNs were rapidly replaced by 

host-derived lymphocytes after transplantation. In addition, an increase in CD8
+
 T cells in 

host populations was seen in recipients with severe rejection due to lack of 

immunosuppression (94). 

Peyer’s Patches and memory T cells in ADAP-/- mice 

PPs comprise a distinct lymphoid compartment that consists of collections of large B-cell 

follicles and intervening T cell areas. In contrast to MLN, we didn’t find a difference in host 

cell infiltration in PPs between ADAP-/- and WT recipients. It was also reported by S Yan, et 

al. (2003) that FTY plus MR-1 lead to reduced host cell infiltration in MLN but not in PPs 

(59). PPs seem to be more resistant to immune manipulation than MLN and it is also 

interesting to note that PPs are essential for triggering the alloimmune responses in acute 

GVHD (95). 
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As for the proportion of CD44
high

 host cells in PPs there was no difference between ADAP-/- 

and WT recipients. However, comparing CD62L
low

 (memory) to CD62L
high 

(naive) cells in 

each experimental group their ratio was significantly lower in ADAP-/- host cells, once again 

indicating a higher frequency of naïve cells presumably due to an activation defect of  

ADAP-/- T cells. 

 

Two distinct subsets of memory T cells exist in vivo, based on their cell surface phenotype 

and anatomic distribution patterns: effector memory T cells and central memory T cells (96). 

Effector memory T cells are characterized by surface markers such as CD44
high

 

CD62L
low

CCR7
-
, and localize preferentially to non-lymphoid tissues. They are fully 

differentiated, express activation markers, are able to exert effector functions without further 

or long-lasting stimulation, and have a rapid dividing rate when encountering the 

corresponding antigen. They act more like the conventional concept of a memory immune 

response than central memory T cells. Central memory T cells preferentially localize in 

lymphoid tissues, and their characteristics of cellular markers are CD44
high

 CD62L
high

CCR7
+
. 

They are less differentiated, closely resembling naive T cells without immediate effector 

functions upon antigen re-encounter. Usually they are at a resting stage with a relatively slow 

turnover rate but are activated faster than naive T cells upon stimulation. Therefore, the higher 

proportion of host CD44
high

CD62L
high

 cells may represent a preferential infiltration of central 

memory T cells into graft PPs. Our results show a lower proportion of CD44
high

 CD62L
low  

T 

cells and a higher proportion of CD44
high

 CD62L
high

 in PPs of ADAP-/- recipients. This 

indicates that in ADAP-/- recipients less host effector memory T cells infiltrated the PPs. This 

may in part be responsible for the decreased rejection severity of intestinal allografts.  

 

It has been shown that there is quite a lot of cross reactivity to different allo-MHC 

determinants in alloantigen-specific T cells. It has also been reported that pathogens like 
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viruses, bacteria and parasites have common antigen determinants shared with MHC peptides 

(97). Similarly, the high frequency of alloreactive T cells in the normal T cell repetoire is due 

to crossreactivity of TCRs for allo-MHC antigens. It is comprehensible that we saw a high 

proportion of memory T cells in PPs, because the intestine encounters more antigens than any 

other part of the body, and it was shown that the antigen is taken up and then presented to T 

cells in PPs (98). 

 

CD40/CD40L blockade inhibits SBTx rejection in ADAP-/- but not WT mice 

Blockade of the CD40/CD40L costimulatory pathway has been confirmed as an efficient way 

for tolerance induction in many animal models, but not in mouse SBTx. Our results in WT 

recipients treated with MR-1 demonstrated no protection against rejection, while in ADAP-/- 

recipients MR-1 provided an effective inhibition of intestinal allograft rejection in the 

histological analysis. In ADAP-/- recipients treated with MR-1 there was less infiltration of 

host CD4 and CD8 T cells in the intestinal grafts. The donor/host ratio was much higher 

compared to the other three groups, which is consistent to the results of S Yan (59). 

As we know under the blockade of the CD40/CD40L costimulatory pathway, alloreactive T 

cells can be converted into an anergic state rather than being activated. Costimulation 

blockade (CB) mainly affects CD4 T cells, so that it is quite effective in the models in which 

CD4 T cells dominate the rejection response. CB, however, is not sufficient when CD8 T 

cells can mount rejection independently, such as in intestinal transplantation. Since CD8 T 

cells have been considered as the major obstacle for tolerance induction in SBTx, and ADAP 

deficiency, on the other hand, could have a more pronounced effect on CD8 T cells rather 

than CD4 T cells via LFA-1 inactivation, one may speculate that a combination of CB and 

ADAP-inactivation could exhibit synergistic effects in strongly immunogenic transplant 
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models. Some recent reports have focused on the synergistic effect of a combination of 

targeting LFA-1 and CD40/CD40L blockade. Lunsford KE et al (99) showed that combined 

treatment of anti-LFA-1 antibody and MR-1 induced long-term graft survival of 

hepatocellular allografts in the majority of recipients in CD4 knockout mice. They illustrated 

that CD8 T cell activation and development of alloreactive CD8+ cytotoxic T cell effectors 

were interfered with. Another paper by the same group showed that targeting of LFA-1 

synergizes with CD40/CD40L blockade for suppression of both CD4-dependent and CD8-

dependent rejection (100). Furthermore, Corbascio M et al showed that anti-LFA-1 inhibited 

CD40 ligand-independent immune responses and prevented chronic vasculopathy of heart 

allograft in CD40 ligand-deficient mice (101). Beside the histological results our flow data 

have in part demonstrated the synergistic effect that in ADAP deficiency or MR-1 treatment 

alone no evident decrease of host CD8 T cells occurred while in ADAP-/- recipients treated 

with MR-1 the proportion of host CD8 T cells in the intestinal graft was reduced 

significantly. 
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Summary 

Adhesion and degranulation promoting adapter protein (ADAP) plays an important role in 

TCR-mediated integrin activation. The aim of this thesis was to study the role of ADAP in 

alloreactive immune responses using ADAP-deficient mice.  

In vitro mixed lymphocyte reactions demonstrated a clear defect in the proliferation of 

CFSE-labelled lymphocytes of ADAP-deficient vs. wild type (WT) mice upon stimulation by 

allogenic BALB/c dendritic cells or anti-CD3 plus anti-CD28 mAbs. Interleukin-2 secretion 

of ADAP-/- was reduced compared to wild type lymphocytes. 

Similarly, in vivo CTL activity using CFSE-labelled target cells in primed wild type and 

ADAP-/- mice was hardly impaired, demonstrating functional T cell effector functions of 

ADAP-/- cytotoxic T lymphocytes. 

Heart grafts from BALB/c donors showed significantly prolonged graft survival in ADAP-/- 

mice, but no tolerance. Histological analyses demonstrated reduced and delayed infiltration 

of heart grafts in ADAP-/- mice by T lymphocytes, but not B lymphocytes and granulocytes. 

Infiltrating T lymphocytes in ADAP-/- recipients showed decreased proliferative activity in 

vivo as well as reduced expression of activation markers. 

Rejection of small bowel allografts was found to be ameliorated, but not prevented in ADAP-

/- mice. Although CD40/CD40L blockade by anti-CD40L monoclonal antibody (MR-1) 

alone was not sufficient to mitigate the rejection of intestinal allografts, the combination of 

MR-1 and ADAP deficiency profoundly inhibited rejection. This was accompanied by less 

infiltration and activation of host lymphocytes inside the intestinal allograft.  

In conclusion the findings of this thesis demonstrate an important, but non-essential role of 

ADAP for the rejection of heart and intestinal allografts in mice. The main function of ADAP 
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in this setting appears to affect the induction phase rather than the effector phase of the 

immune response. Therefore, ADAP could be a novel and interesting molecule for targeting 

the induction phase of the immune responses following organ transplantation. 
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