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Abbreviation 

 

 

Abbreviation 

 

Aly/aly Alymphoplastic 

APC Antigen presenting cell 

CCL19 Chemokine (C-C motif) ligand 19  

CCL21 Chemokine (C-C motif) ligand 21 

CCR2 Chemokine (C-C motif) receptor 2 

CCR4 Chemokine (C-C motif) receptor 4  

CCR7 Chemokine (C-C motif) receptor 7  

CCR7-/- mice CCR7-deficient mice 

CCR8 Chemokine (C-C motif) receptor 8  

CMJ Cortico-medullary junction 

CSB Costimulation blockade 

CXCR3 Chemokine (C-X-C motif) receptor 3 

DC Dendritic cell 

DP Double positive  

DN Double negative  

DST Donor specific transfusion 

FACS Fluorescence-activated cell sorting 

FCS Fetal calf serum 

FRCs Fibroblastic reticular cells 

H&E staining Haematoxylin and eosin staining 

HEVs High endothelial venules  

Hox11 gene Homeobox 11 gene 

HTx Heterotopic heart transplantation  

IL Interleukin 

KO Knock out 

LNs Lymph nodes 

LTα lymphotoxin alpha  

LTßR Lymphotoxin ß receptor 
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Abbreviation 

mAb Monoclonal antibody 

MAP Mitogen-activated protein  

MDC Macrophage-derived chemokine 

mTOR Mammalian target of rapamycin  

NF-κB Nuclear factor κB 

NK cell Natural killer cell 

OT-1 mice OT-1 transgenic mice  

PCR Polymerase chain reaction 

pLNs Peripheral LNs 

Plt/plt  mice Paucity of lymph node T cell mice 

RAG2 Recombination-activating gene 2 

RAG2-/-OT-1 mice Recombination-activating gene 2 deficient OT-

1 transgenic mice 

S1P Sphingosine 1-phosphate  

S1P-R Sphingosine 1-phosphate receptor 

SLOs secondary lymphoid organs 

SPF Specific pathogen free 

TCM Central memory T cell 

TEM Effector  memory T cell 

TNF tumor necrosis factor  

TNF-R tumor necrosis factor receptor 

Treg Regulatory T cell 

WT Wild type 
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Introduction 

 
1.  Introduction 

 
 
Over the last half century, organ transplantation has been established as a 

lifesaving therapy for patients with end-stage organ disease. Lifelong 

administration of multiple immunosuppressants is usually required to maintain 

function of a transplanted organ. Most of the currently available 

immunosuppressants, which non-specifically target systemic immunity, often lead 

to deleterious side effects, including increased susceptibility to infections, 

malignancy, and metabolic disorders [1].  Moreover, chronic rejection remains a 

fundamental problem, while acute rejection can be controlled with current 

immunosuppressive strategies [2]. Clearly, given the shortage of available donor 

organs, another urgent problem is to prolong the lifetime of grafts. Thus, 

transplant tolerance, which is defined as a sustained donor-specific 

nonresponsiveness in the absence of chronic immunosuppressive therapy, is the 

ultimate goal in transplantation [3, 4]. 

 

Multiple mechanisms and various cell populations, including alloantigen uptake 

by antigen-presenting cells (APCs), allorecognition and T cell activation, are 

involved in transplant rejection and tolerance [5-8].  In order to induce tolerance to 

grafts, central and peripheral mechanisms, which normally maintain immune 

homeostasis and tolerance to self-antigens, were exploited during the last 50 years. 

T cell mediated alloimmune response plays a pivotal role in central and peripheral 

tolerance [9-11]. Hematopoietic mixed chimerism, depleting protocols, 

costimulation blockade and regulatory T cells (Tregs) are relevant to current 

immunosuppressive strategies and to induction of central and peripheral tolerance 

[12, 13]. Central tolerance can be induced by the induction of hematopoietic 

mixed chimerism in the recipients leading to the co-existence of cells from both 

donor and recipients origin or by direct intrathymic injections of donor-derived 

allopeptides, as the delivery of donor antigens to the thymus of recipients leads to 

central elimination of detrimental alloreactive T cells [14]. Peripheral tolerance 

can be achieved with various strategies: inhibiting T-cell activation by blocking or 

modifying costimulator signals (costimulation blockade, manipulation of dendritic 
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Introduction 

cells (DCs)), all peripheral T cells being irrelevant to their specificity or activation 

state (depleting protocols), interfering with the effector function or homing of 

activated T cells (antichemokines, anticytokines) or harnessing activated T cells 

by alloantigen specific Tregs [14].  However, the precise mechanisms in the 

induction and maintenance of transplant tolerance orchestrated by T cells remain 

poorly understood. 

 

 1.1   T cell and transplant immunology 
 
A crucial factor driving rejection and adaptation in organ transplantation is a 

persistent T cell-mediated alloimmune response [2]. Lymph node occupancy by T 

cells plays a pivotal role in the establishment of transplant tolerance [9-11].  

 

Recipient naive T cells home continuously from the blood to secondary lymphoid 

organs (SLOs). Recipient naive T cells in SLOs are primed after T cell receptors 

(TCRs)  recognised by their cognate antigens (signal 1) and are simultaneously 

stimulated by antigen unspecific costimulator molecules (signal 2). Both signals 1 

and 2 are provided by APCs. Thus, T cells become activated and proliferated. An 

uncontrolled cumulative effect of the alloimmune responses is  triggered that  

induces the loss of graft [15]. 

 

Transplanted organs express the allogeneic major histocompatibility complex 

(MHC) molecules of the donors, resulting in two pathways of antigen recognition: 

the direct pathway and the indirect pathway [4, 16].  In the direct pathway, 

recipient T cells recognize foreign MHC molecules expressed on the surface of 

donor cells. Since recipient T cells normally recognize foreign peptides bound to 

the body’s own MHC  molecules, it is thought that in the direct pathway, T cells 

recognize intact allogeneic MHC molecules because of molecular mimicry — that 

is, allogeneic MHC resembles self MHC plus foreign peptide at the three 

dimensional level [17, 18]. 

 

In the indirect pathway, peptides derived from the catabolism of donor MHC 

molecules are presented by self MHC on recipient APCs, in a fashion similar to 
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the normal process for the presentation of bacterial or viral antigens [19]. As 

donor-derived passenger leukocytes have a limited lifespan, the indirect pathway 

might become the dominant pathway of alloantigen recognition [20, 21].  The 

direct pathway may be responsible for the vigorous immune response in acute 

rejection, whereas the indirect pathway may have the dominant role in chronic 

rejection [19]. 

 

Once primed, naive T cells differentiate into effector cells in SLOs [22]. The 

effector cells immediately egress from SLOs via efferent lymphatic vessels and 

migrate across the vascular endothelium to enter the graft tissues where an 

antigen-specific response is performed to the graft without the need for 

costimulation. These processes are controlled by elaboration of cell attractants or 

chemokines and lymphocyte-endothelium interactions. The effector T cells bear 

adhesion proteins, chemokine receptors, and addressins, which allow homing and 

migration into the graft tissues [23, 24]. Three classes of effector T cells including 

CD8+ cytotoxic T cells, CD4+ TH1 T cells and CD4+TH2 T cells specialize to deal 

with at least three different immunological mechanisms in organ transplantation. 

In the graft, CD8+ cytotoxic T cells directly kill the graft cells that display cognate 

peptide fragments bound to MHC class I molecules at the cell surface. CD4+ TH1 

T cells and CD4+TH2 T cells recognize cognate peptide fragments bound to MHC 

class II molecules. CD4+ T cells are believed to be the most important for 

initiating graft rejection [5], which produce most of the cytokines that are 

necessary to stimulate immune responses. CD4+ TH1 T cells are specialized in 

macrophage activation and CD4+ TH2 T cells in facilitating B-cell antibody 

responses [25]. 

 

CD4+ T cells can also differentiate into cells that have the ability to suppress T 

cells responses and prevent autoimmunity, so-called Tregs. Based on whether 

Tregs occur during homeostasis or arise during inflammatory and immunological 

responses, they can be categorized into two subsets, ‘natural’ or ‘induced’. Natural 

Tregs (nTregs) originate in the thymus. They constitutively express the high-

affinity IL-2 receptor (CD25) and stably express the transcription factor Foxp3. 
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The induced Tregs (iTregs), which are CD4+CD25- T cells converted to a Treg 

phenotype by signals from natural Tregs, develop from naive CD4+ T cells and are 

induced by TGF-β in the periphery [13]. 

 

The concept that indirect allorecognition as the dominant pathway is used for 

immunoregulation by Tregs has gained support. In vivo, alloantigen-specific Tregs 

have been shown to prevent rejection initiated by CD4+ T cells and CD8+ T cells 

in both organ and bone-marrow transplantation [26-28]. Tregs can convert other T 

cells either directly or indirectly through effects on APCs. Tregs can result in 

inhibition of cytokine production and secretion, downregulation of expression of 

costimulator and/or adhesion molecules, inhibition of proliferation, induction of  

anergy, elimination of the effector  population by promoting cell death, or even 

conversion of the effector  T cells to a regulatory phenotype [29, 30]. The 

identification and characterization of Tregs that can control immune response to 

alloantigens have opened up exciting opportunities for new therapies in 

transplantation [31, 32]. 

 

1.2   Role of secondary lymphoid organs in transplant immunology  

 
SLOs (spleen, lymph nodes and mucosa-associated lymphoid tissues) provide the 

proper environment for APCs to interact with and activate naive T and B 

lymphocytes [33, 34]. It has been considered that SLOs are essential for initiating 

immune responses to allografts. In alymphoplastic (aly/aly) recipient mice which 

lack lymph nodes and Peyer’s patches, the rejection of vascularized allografts is 

delayed. When aly/aly mice were splenectomized, the allografts achieved long-

term survival without rejection episodes. These results indicate that vascularized 

allografts do not induce a productive alloimmune response in the absence of SLOs 

[35]. Aly/aly mice failed to reject allogeneic skin grafts. Homeobox 11 gene 

knock-out (Hox11-/-) mice, which lack spleens but have normal lymph nodes 

(LNs), rejected non-vascularized skin grafts and vascularized allografts within the 

same time frame as wild type (WT) recipients [35].  
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These results show that rejection of vascularized allografts occurs in the presence 

of either spleen or LNs, but the rejection of non-vascularizied allografts depends 

on the presence of LNs. Vascularized allografts cannot be rejected by the immune 

system in mice which lack SLOs. This indicates that the initiation of 

alloimmunity, and possibly the induction of peripheral tolerance depend on the 

interaction of lymphocytes with APCs in SLOs. However, in lymphotoxin alpha 

knock out (LTα-/-) or lymphotoxin ß receptor knock out (LTßR-/-) recipient mice 

which also lack SLOs, the rejection of allografts was delayed but not eliminated. 

These results demonstrate that SLOs are important but not absolutely required for 

allograft responses [36, 37]. An intrinsic abnormality in aly/aly T cell activation or 

homing is presented and immunologic ‘ignorance’ of vascularized allografts is 

induced [35]. Moreover, recent results indicate that rejection and adaptation in 

organ transplantation is a persistent T cell-mediated alloimmune response and 

LNs play a key role in the establishment of transplant tolerance [10, 11].  

 

In non-vascularized skin transplantation, donor APCs or recipient APCs that have 

been recruited to inflamed transplanted skin and expressed donor peptides on the 

surface MHC might migrate to the draining LNs and also migrate to the spleen 

through regional LNs [34, 38]. In vascularized organ transplantation, the 

endothelium of allografts expresses donor alloantigens that are presented by host 

DCs to T cells located in SLOs in the indirect pathway.  This is an important 

mechanism of chronic rejection and tolerance. These evidences implicated that 

steady state DCs induce antigen-specific unresponsiveness or tolerance in SLOs. 

Chemokine and chemokine receptors modulate the trafficking of DCs and T cells 

[39-41]. Several studies have shown that the expression pattern of chemokine and 

chemokine receptors is different between LNs and spleen. Chemokine (C-C motif) 

ligand 17 (CCL17) is expressed in most peripheral lymphoid organs but not in the 

spleen [42]. Macrophage-derived chemokine (MDC), a ligand to chemokine (C-C 

motif) receptor 4 (CCR4), is expressed in T-cell zones of LNs, but only 

occasionally cells expressing MDC are found in the spleen [43].  Activated host 

DCs migrate from transplanted skin grafts into regional lymph nodes with 

chemokine (C-C motif) ligand 21 (CCL21) expressed in the T-cell zone. Mature 
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donor DCs or recipient DCs, which express chemokine (C-C motif) receptor 7 

(CCR7) on the surface, may be trapped in those LNs [44]. Only CCR7 negative or 

CCR7 weakly expressing immature DCs would pass through the regional LNs and 

then migrate to the spleen. Immature donor DC or recipient DCs that do not 

express sufficient accounts CCR7 on the cell surface may pass through the 

regional LNs, reach the spleen, and contribute to tolerance to alloantigens [34]. 

 

Recent studies have indicated that CD4+CD25+ Tregs help to maintain tolerance in 

various transplant models through actively suppressing the activation and 

expansion of allograft-reactive T cells [29, 30]. Various DC subsets have been 

linked to Treg development and homeostasis. After alloantigen uptake, activated 

APCs undergo a shift in their expression of chemokine receptors and migrate to 

SLOs. Entry into the spleen is considered nonspecific, whereas entry into lymph 

node requires expression of the L-selectin (CD62L) and CCR7, which bind to 

peripheral LN addressin and CCL21, respectively, and allow extravasation across 

high endothelial venules (HEVs) [45]. Once in SLOs, APCs present complexes of 

foreign peptide and MHC molecules on their surfaces to alloantigen-specific CD4+ 

T cells, and signals arise from these interactions [46, 47]. 

 

All of these results demonstrate that SLOs harbour a key role in initiating 

tolerance or rejection to vascularized allografts.  

 

1.3   Donor specific transfusion together with costimulation blockade treatment 

induces transplant tolerance 

 

Immunological tolerance in transplantation is defined as a state in which the 

immune system of the recipient, in the absence of ongoing exogenous 

immunosuppression, does not mount a pathological response against donor-

specific antigens, while responses to other antigens are maintained [48].  

 

T-lymphocyte activation requires three signals (Figure 1) [49-51]. The first is 

antigen-specific and involves cognate T-cell receptor triggering by antigen on the 
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surface of DCs or other APCs. The second signal or “costimulation signal” is not 

antigen-specific. Many molecules on the surface of T cells may receive a 

costimulation signal. Costimulatory molecules are diverse with many different 

mechanisms of action. However, the CD40-CD40L pathway and B7-

CD28/CTLA-4 pathway are probably the most important and best-characterized in 

T cell activation (Figur 2a ) [52]. CD40 and CD40L belong to tumor necrosis 

factor (TNF) and tumor necrosis factor receptor (TNF-R) superfamilies [53], 

respectively. CD40 is expressed on all APCs, including B cells, macrophages, 

DCs and thymic epithelia, and can be induced on endothelial cells [54]. CD40L is 

expressed on CD4+ T cells, on a subset of CD8+ T cells and natural killer (NK) 

cells [55]. This costimulator signal is delivered when CD40 or B7-1/CD80 and 

B7-2/CD86 on the surface of DCs engage CD40L or CD28 on T cells respectively 

[36]. These two signals activate downstream signal transduction pathways, such as 

the calcium–calcineurin pathway, the mitogen-activated protein (MAP) kinase 

pathway, and the nuclear factor κB (NF-κB) pathway [56-58]. These downstream 

signal transduction pathways trigger the production of many molecules, including 

interleukin-2 (IL-2), the α-chain of IL-2 receptor CD25, chemokines [59]. IL-2 

binding to its receptor activates the mammalian target of rapamycin (mTOR) 

pathway – the third signal – resulting in cell cycle initiation and T-cell 

proliferation [60]. Proliferation and differentiation result in the generation of a 

large number of effector and memory T cells. The understanding of these three 

signals is still poor. 

 
A common goal among current immunosuppressive therapies after tranplantation 

is to block T-cell activation, proliferation and effector function [61].  Many 

studies have focused on blocking the ‘classical’ CD40-CD40L and B7-CD28 

costimulation pathway, which play a prominent role in primary T-cell activation 

(Figue 2b), to induce specific tolerance to alloantigens without general 

immunosuppression. Without costimulation, cognate interactions fail to activate 

naive T cells and undergo abortive activation subsequently. Then naive T cells do 

not produce appreciable amounts of cytokines and do not divide, instead become 

unresponsive to appropriate stimulation (anergic) for up to several weeks or 

undergo programmed cell death (apoptosis) [19, 25].  
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Administration anti-CD154 monoclonal antibody (mAb), which blocks the CD40-

CD40L pathway, prolongs the survival of both islet and cardiac allografts in most 

animals [62-68]. However, a true state of tolerance was not attained, and all grafts 

were ultimately rejected [61]. A follow-up study indicated that the administration 

of donor splenocytes in conjunction with anti-CD154 mAb was effective in 

achieving permanent allograft survival in most non-human primates [61]. It is 

likely that donor cells are required because cardiac tissue contains very few 

passenger leukocytes [61]. These are bone marrow–derived cells, typically DCs or 

monocytes, that express MHC class I and II molecules and migrate out of donor 

organs into regional LNs shortly after transplantation. Although administration of 

donor splenocytes plus an anti-CD40L monoclonal antibody is an effective way 

for donor specific transfusion (DST) and costimulation blockade (CSB) treatment  

to induce tolerization, the mechanism of tolerance inducing by DST plus CSB 

treatment is still poorly characterized [62-68]. 
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                    Signal 2 
 Costimulation is a critical         

signal 

           Signal 1 
Antigen triggers TCR 

TCR MHC 
APC 

 
 TC 

                    Signal 3 
 IL-2,chemokines: propagation  and 
augmentation  of  activation 

Diagram illustrating schematically the three signals to activate a T 

cell. Signal 1 is delivered via TCR; alloreactive T cells recognize 

donor-derived peptides bound to MHC molecules on the surface 

of APC. In either case, a costimulator signal (Signal 2) is required 

for the induction of naive T-cell activation. Indeed, naive T cells 

receiving only Signal 1 are either rendered anergic or are 

programmed for apoptosis. Soluble factors, such as cytokines, IL-

2 also provide activating signals (Signal 3) to propagate and 

augment responses. (Adapted from CP Lasena et al. [61] with 

minor modifications) 
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Figure 2    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Diagram illustrating schematically the CD40-CD40L and B7-

CD28/CTLA-4 costimulator pathways. During normal interactions, an 

APC present specific antigenic peptides via MHC to the TCR of a T 

cell (TC) interacting with the TC’s CD154, CTLA-4 and CD28. 

Signalling via CD40-CD40L activates APCs and may also activate 

TCs; Signal via CTLA-4 induces inhibitory signals in TC’s, whereas 

signalling via CD28 induces activating signals. Reagents such as anti-

CD154 mAb and CTLA-4Ig block costimulation while allowing TCR-

MHC interactions and thereby affect TC/APC function. (Adapted 

from Wekerle T et al. [51])  
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1.4   CCR7 is crucially involved in the establishment of tolerance 
 

Mild autoimmunity has recently been described in CCR7-deficient (CCR7-/-) 

mice. Lymphocytic infiltrations in several organs in addition to the presence of 

circulating auto-antibodies against a multitude of tissue-specific antigens have 

been observed in CCR7-/- mice. Together, these results identify that CCR7 

deficiency contributes to autoimmunity, which is also the obstacle for induction of 

tolerance [69, 70]. 

 

Based on the surface expression of CD25 and CD44, four different developmental 

stages of double negative (DN) thymocytes, separately termed DN1, DN2, DN3 

and DN4, have been defined. Thymocytes at a transitory state between the DN1 

and DN2 developmental stages (termed DN1-2 cells) might require CCR7 to 

migrate outwards from the cortico-medullary junction (CMJ) [72]. Subsequently, 

the positively selected double positive (DP) cells repeatedly require CCR7-

mediated signals to translocate from the cortex into the medulla [73]. Central 

tolerance, termed negative selection, occurs mainly in the medullary region of the 

thymus and depends upon contact with peptide-MHC complexes expressed on 

bone-marrow-derived thymic stromal cells [74, 75]. Recently, direct evidence has 

shown that  negative selection of maturing thymocytes is defective under CCR7-

deficent conditions [70] . 

 

Together, CCR7 deficiency hampers the initial development of T cells in the 

thymus and CCR7 orchestrates the negative and positive selection of T cells in the 

thymus. 

 

DCs and lymphocytes enter LNs by different routes. Most DCs, together with 

small numbers of lymphocytes, enter LNs through the afferent lymphatics vessels. 

They accumulate in the vicinity of HEVs. The HEVs are surrounded by 

fibroblastic reticular cells (FRCs), which form channels — called FRC conduits 

— that project from the subcapsular sinus into the T-cell zones. Some chemokines 

produced extranodally might reach HEVs through the FRC conduit [46]. By 

16 



Introduction 

contrast, most T cells migrating to LNs enter from the peripheral blood. CCR7 

controls LN entry of DCs and lymphocytes [44, 76]. Donor antigen specific 

immune responses are initiated after the acquisition of donor antigen in the 

periphery by DCs. After alloantigen uptake, DCs undergo maturation, express 

CCR7, and migrate via lymphatics to SLOs, where they present donor antigens to 

naive lymphocytes. On the other hand, various types of leukocyte are found in the 

arteries of LNs. Only CCR7+ lymphocytes can interact with and extravasate 

through HEVs to migrate into the lymph-node parenchyma. T and B cells 

subsequently segregate into the T-cell zones and B-cell zones, respectively. 

Therefore, CCR7 is very important for lymphocyte homing. If lymphocytes do not 

encounter specific foreign antigens in LNs, they re-enter into the bloodstream and 

recirculate through other LNs [25]. Once in LNs, mature DCs present complexes 

of donor specific peptide and MHC molecules on their surfaces to alloantigen-

specific naive T cells. Then signals arising from these interactions cause the 

activation of naive T cells. Hence, expression of CCR7 by naive T cells and  

mature DC plays a key role in initiation of immune response [77-81].  

 

Recently, studies have shown that Tregs are very important for the induction of 

transplant tolerance in the clinic and in the animal transplant models [13, 16]. 

Tregs need to home to peripheral LNs (pLNs) to exert their regulatory function 

[30, 82, 83]. CCR7 is crucial for homing process of Tregs [84, 85]. CCR7-/- Tregs 

efficiently migrate into inflamed peripheral tissues but cannot home into LNs [86, 

87]. Transfusion of WT but not CCR7-/- Tregs can ameliorate the exacerbated 

bronchus-associated lymphoid tissue (BALT) which is spontaneously developed 

in CCR7-/- mice [86]. The results cumulatively suggest that CCR7 is a key factor 

in the coordinate peripheral tolerance by Tregs. A recent publication also revealed 

that CCR7-/- T cells were severely retained within the inflamed site, whereas WT 

effector T cells could continue to migrate to the draining LNs [ 87]. 

 

In summary, all of the results presented above confirm that CCR7 plays a key role 

in establishing central and peripheral tolerance. 
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1.5   Recombination activating gene deficient mice and T cell immune 

reconstitution 

 

The cellular mechanisms of allograft rejection are far more sophisticated as 

multiple cell types appear to be involved in. T cells orchestrate the immune 

response to vascularized allograft which leads to allograft rejection or tolerance 

induction [25, 67].  Naive T cells must be activated and then migrate into allograft 

and interact with many other cells. The T cell activation cascade is governed by 

site- and subset-specific chemoattractants and surface adhesion molecules [59, 

88]. The exact mechanism of action of T cells in transplant immunity is still 

unrevealed [41, 51]. To address this question, development of a model of allograft 

rejection using a single population of T cells is useful to study the activation and 

homing of allospecific T cells in vivo. 

 

OT-1 transgenic mice (OT-1 mice) bear a transgene that directs the expression of 

a T cell receptor (TCR) which is MHC class I restricted and specific for the 

SIINFEKL peptide from the chicken ovalbumin protein (OT-1 transgene). Allelic 

exclusion in OT-1 mice severely restricts the appearance of endogenous TCRs 

[89]. Compared with recombination activating gene 2 deficient (RAG2-/-) mice 

which have no mature B and T cells due to the inability to initiate VDJ 

recombination [90], only a mature non-impaired T lymphocyte subpopulation 

bearing the TCR against ovalbumin exist in RAG-2 deficient OT-1transgenic mice 

(RAG2-/-OT-1 mice) lymphatic compartments. This means that the presence of 

OT-1 transgene in RAG-2-/- mice should cause only the appearance of specific 

endogenous TCR against ovalbumin. T cell- and B cell-dependent adaptive 

immunity cannot be induced in RAG2-/-OT-1 mice. Therefore, after T cells are 

transferred into RAG-2-/-OT-1 mice, they will proliferate and differentiate in the 

hosts lymphatic compartments.  Adaptive T cell immunity can be primed in 

RAG2-/-OT-1 mice. 
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To address the role of CCR7 on T cells in the vascularized allograft rejection, a 

novel allograft rejection model was made by T cell immune reconstitution of 

RAG2-/-OT-1 recipient with purified CCR7-/- or WT T cells in this study.
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1.6    Aims 
 
 
Induction of allograft tolerance without general immunosuppression remains an 

elusive goal in organ transplantation. The cellular and molecular mechanisms of 

transplantation tolerance are still poorly understood. CCR7 contributes to both 

immunity and tolerance. I hypothesized that CCR7 mediates allograft tolerance 

induction. Injecting a donor-specific transfusion of splenocytes together with anti-

CD154 mAb is an effective way to induce long-lived graft acceptance in WT 

mice. In this study, I performed fully allogeneic vascularised cardiac transplants 

and subjected WT and CCR7-/- recipient mice to this well characterized 

tolerogenic protocol. Using this animal model, I investigated the role of CCR7 in 

transplant immunity and tolerance. The influence of CCR7-deficient T cells on 

allograft survival was tested by CCR7-/- T cell immune reconstituted RAG2-/- OT-

1 host mice, which were implanted full MHC mismatch cardiac grafts. The impact 

of CCR7-dependent homing of regulatory T cells to pLNs under tolerance 

inducing treatment was determined by this experiment model. Using this model, 

the in vivo function of CCR7-deficient Tregs in allograft was investigated.  

 

Taken together, it was investigated whether CCR7 is essentially involved in 

transplant immunity and tolerance in this study.
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2.    Materials and Methods 
  
 
2.1   Protocols  
 
 

         2.1.1   Haematoxylin and eosin staining  
 
Haematoxylin and eosin (H&E) staining on 7-µm cryostat sections for heart grafts 

was performed as follows.  

Reagents  
 
0.1%  Mayer's hematoxylin solution             Sigma-Aldrich Fine Chemicals (USA) 

0.5%  Eosin Y solution                                 Sigma-Aldrich Fine Chemicals (USA)                   

100% Xylene                                                                   J.T. Baker (Netherlands) 

Permount                                                                         Fisher Science (Germany) 

 

H&E staining procedure 

 Slides were placed in a slide holder  

1.    1 × 7 min                 0,1%  Mayer's hematoxylin solution                             

2.    1 × 15 min               Running tap water 

3.    1 ×30 sec                0,5%  Eosin Y solution                                                    

4.    1 × 1 min                70% Ethanol 

5.     3 × 1 min                96%  Ethanol 

6.     2 × 1 min                100% Xylene 

7.    Coverslip slides using Permount 

 
2.1.2  Immunofluorescence staining 

Heart grafts were harvested at day12 post-transplantation and 7-µm cryostat 

sections were cut. Immunofluorescence staining was done according to the 

following protocol. After washing with TBS-T buffer (10mM Tris, 15mMNaCl, 

0.1% Tween, pH 7.5), sections were twice blocked with 5% rat serum in TBS-T 

for 10 minutes. After that sections were incubated with primary mAbs (rat anti-

mouse) at room temperature for 90 minutes. Nuclei were twice times (two 
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minutes each) counter-stained with 1:1000 4´,6-diamidino-2-phenylindole 

(DAPI). Primary mAbs included CD3-Cy5 (clone CD317A2), B220-Cy3 

(TIB146), CD4-Cy5 (RmCD4.2), CD8β-Cy5 (RmCD8-2) (all labelled in my 

laboratory) and Gr-1-PE (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. 

 

         2.1.3         Immunohistochemical staining 

In order to detect proliferating cells within the cardiac grafts, mice were 

intrapertoneally injected with 120mg/kg bromodeoxyuridine (BrdU) (Sigma, 

USA) before sacrificing. BrdU, a thymidine analogue, can be incorporated into 

proliferating cells (S-phase). BrdU is then detected by a monoclonal anti-BrdU 

antibody and visualized using a streptavidin-biotin staining system. After 

harvesting of the heart grafts, they were embedded in paraffin and 4µm sections 

were made and kept at 4°C untill 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 min, then 90%, 80%, and 70% for 3 min each). The 

following staining procedure was performed as shown in Table 1 which was 

provided in the BrdU immunohistochemistry system kit (Calbiochem, Germany) 

with minor modifications. 
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Table 1  BrdU staining procedure 

 

 
2.1.4      Flow cytometry 

Reagents  

1. Erythrocyte lysing solution 10× Stock Solution: dissolve in 1 liter of 

distilled water: 89.9 g NH4Cl, 10.0 g KHCO3, 370.0 mg tetrasodium EDTA . 

Adjust pH to 7.3. Store at 4°C in full, tightly closed 50 ml tubes. 1× Working 

Solution: add 5 ml 10× Lysing Stock Solution to 45 ml distilled water. Mix well. 

Be stored at room temperature for up to one week. 

2. 0.4% Trypan Blue. 

Reagent preparation Incubation time (min) 

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 
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3. Fluorescence-activated cell sorting ( FACS) buffer : PBS/3% FCS/2mM 

EDTA 

4. PBS/5% FCS 

5. Collagenase A (Roche Diagnostics GmbH, Germany) 

6. Rat serum 

7. RPMI 1640 

8. 0.5 M EDTA solution 

9. 10×PBS 

10. Percoll I ( 30% Percoll ) :    Percoll and 10 × PBS are diluted to 4 : 1 : 5 in 

distilled water 

11. Percoll II ( 70% Percoll) :   Percoll and 10 × PBS are diluted to 7 : 1 : 2 in 

distilled water 

12. Fixation/ Permeabilization buffer (eBioscience) 

13. Hemocytometer : Neubauer improved counting chamber 

14. Cell Strainer: 70µm BD Falcon™ Cell Strainer 

15.  Centrifuge: Thermo Scientific Heraeus® Multifuge® 3 Plus Centrifuge  

Peripheral blood leukocytes 

Peripheral blood samples were collected from the submandibular vein. The red 

blood cells in the suspension were lysed in 14ml erythrocyte lysing solution at 

room temperature for 3-5 min. Then 1ml FCS was added to stop lysis before 

counting. Nonviable cells were excluded from analysis on the basis of trypan blue 

staining.  

Peripheral LNs 

 

Peripheral (axillary, brachial, inguinal) LNs were harvested and mechanically 

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

Nonviable cells were excluded from analysis on the basis of trypan blue staining.  
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Splenocytes 

 

Splenocyte isolation was similar to that of LNs, except that the red blood cells in 

the suspension were lysed in 14ml erythrocyte lysing solution at room 

temperature for 3-5 min before 1ml pure rat serum was added to stop lysing. 

Nonviable cells were excluded from analysis on the basis of trypan blue staining.  

 

Graft infiltrating lymphocytes from heart grafts 

 

Every heart was cut into small pieces before being transferred to the digestion 

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

GmbH, Germany). Digestion procedure was undertaken at 37°C in a shaking 

water bath for 75 minutes. Digestion of the tissues was stopped by adding 0.5M 

EDTA. The digested tissues were sieved through a cell strainer to get a single cell 

suspension, which was then centrifuged at 2000rpm for 20 minutes at 4°C.  The 

supernatant was discarded to harvest cells. The cell suspension was washed once 

with PBS/FCS.  After being washed, the cells were resuspended in 5ml Percoll І. 

Then, the cell suspension in Percoll I was carefully moved onto 5ml Percoll ІІ as 

the upper layer and centrifuged at 2000 rpm for 20 minutes without break at 

20°C. After being centrifuged, the intermediate layer containing the lymphocytes 

was harvested and resuspended in PBS/5% FCS and washed once. Finally, the 

cells were counted and were proceed with the staining procedure. 

 

Flow cytometric analysis 

 

Antibodies 

 

Cells were stained using the following primary monoclonal antibodies: CD3-PE 

(clone 17A2), CD3-bio (17A2), CD4–Alexa-450 (L3T4), CD4-FITC ( L3T4), 

CD8-FITC (53-6.7), CD8-bio (53-6.7), CD8-Cy5 (CT-CD8a), CD8-Pacific 

Orange (Rmcd82), CD25–Alexa-488 (PC61 5.3), CD45.2-bio (104), CD62L-
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APC (MEL-14) (all labelled in my laboratory), CD44-PE (IM7, Pharmingen), 

CD44-APC (IM7, Pharmingen), CD62L-PE (MEL-14,Caltag), FoxP3-PE(FJK-

16s, eBioscience), CD4-PE (L3T4, BD), CD8β-PE (RmCD8-2, Caltag), FITC  

conjugated anti-Vα2 antibody (B20.1). Streptavidin APC (Caltag) was used as 

secondary antibody for biotinylated primary antibodies.  

 

 Staining procedure for cell surface antigen 

 

1. 1×106 cells from each specimen are centrifuged at 300g for 3 min and were 

resuspended in 100µl FACS buffer, 

2.   Non-specific Fc-receptor binding was blocked with 100µl 5% RS for 15 min 

at 4˚C, 

3.  The cells were washed two times by adding 1ml FACS buffer and centrifuging 

at 300×g for 3 min at 4˚C, 

4.   The cells were incubated with primary mAbs for 20 min at 4°C, 

5.  The cells were washed two times by adding 1ml FACS buffer and centrifuging 

at 300×g for 3 min at 4˚C, 

6.  The specimens incubated with biotinylated mAbs are subsequently incubated 

with streptavidin APC for 20 min at 4°C, 

 7. The cells were washed two times by adding 1ml FACS buffer and centrifuging 

at 300×g for 3 min at 4˚C, 

8.  The cells were resuspended the cells in 100 µl FASC buffer for flow 

cytometric analysis. 

 

Intracellular staining procedure of FoxP3 
 
1. Following  the step 7 in staining procedure for cell surface antigen, 1ml 

Fixation/ Permeabilization buffer was added to fixate the cells for 30 minutes at 

4˚C  in dark, 

2.  The cells were washed two times by adding 2ml 1x Permeabilization buffer 

and centrifuging at 300×g for 3 min at 4˚C, 

3.  The cells were stained FoxP3 with FoxP3-PE mAb in 1× permeabilization 

buffer for 30 minutes at 4˚C in dark, 
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4.  The cells were washed two times by adding 2ml 1× Permeabilization buffer 

and centrifuging at 300×g for 3 min at 4˚C, 

5.  The cells were resuspended in 100 µl FASC buffer for flow cytometric 

analysis. 

 

Sample acquiring for flow cytometric analysis 

 

Flow cytometry was done with a FACS Calibur (BD Bioscience) or a LSRII (BD 

Biosciences). Cell number and percentage of positively stained cells were 

calculated and compared by CellQuest Programm software (BD Bioscience, 

USA).  

 

2.1.5       T cell negative isolation 

Untouched mouse T cells were isolated by depleting non-T cells (B cells, 

monocytes/macrophages, NK cells, dendritic cells, erythrocytes and granulocytes) 

from mouse splenocytes and lymph node cells. I used a modified procedure 

according to the procedure which was provided by Invitrogen Corporation for 

negative isolation of mouse T cells form spleen and lymph node leukocytes. The 

principle of isolation is to add a mixture of monoclonal antibodies against the non-

T cells to the starting sample, and add mouse depletion Dynalbeads to bind the 

non-T cells during a short incubation. Then separate the bead-bound cells by a 

magnet, and discard the bead bound cells and use the remaining, untouched mouse 

T cells for any application. 

 

Reagents, supplies and solutions 

PBS w/ 0.1% BSA 

Erythrocyte lysis buffer: 155 mM NH4Cl, 10 mM KHCO3, 1 mM EDTA, and 170 

mM Tris, pH 7.3 

FACS Buffer 

 

Mouse cell depletion beads: Dynalbeads ( Invitrogen Corporation) 

Centrifuge: Thermo Scientific Heraeus® Multifuge® 3 Plus Centrifuge  
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Cell Strainer: 70µm BD Falcon™ Cell Strainer 

Antibody: antibodies which listed below (Table  2) are used. 

 

. 

 

 

 

 

 

  Table 2   Antibodies were used in experiment of T cell negative isolation 

 

Cell preparation  

I used a modified procedure to prepare lymphocytes according to cell preparation 

procedures recommended by Invitrogen Corporation.  

1. Remove the spleen and LNs from recently killed mouse and transfer the 

tissues to a 50ml tube containing 20 ml of PBS w/ 0.1% BSA precolded to 

4°C.  

2. Use the back of a syringe plunger to macerate the cells through a cell strainer.  

3. Transfer the cell suspension to a 50ml tube and centrifuge at 300g at 4˚C for 

10 min. 

4. Discard the supernatant and resuspend the cells in 20ml erythrocyte lysis 

buffer at 4˚C. Centrifuge at 300g at 4˚C for 10 min. 

5. Discard the supernatant, wash the cells by adding  20ml PBS w/ 0.1% BSA by 

tilting the tube several times and  centrifuge at 300g at 4˚C for 10 min and 

discard the supernatant.  

6. Resuspend the cells in 20ml PBS w/ 0.1% BSA and filter the cells through a 

cell strainer. Count the leukocytes. 

7. Centrifuge at  300g at 4˚C for 10min, discard the supernatant and suspend the 

cell in PBS w/ 0.1% BSA to 1 × 107 cells/ml for downstream application. 

 Clon Specificity 

CD11b MAC-1 mCD11b 

CD16 2.4G2 mCD16 

CD45R B220 mCD45R 
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8. Pipette out 2-4 tubes of cell suspension (5 × 105 cells per probe) for later 

FACS analysis as control sample for monitoring the purity of the isolated 

cells.  

 
2.2 Animals 
 

 

Mouse  Strain H-2 Locus 

CCR7-deficient C57BL/6    ( CCR7-/- B6,   B6.129P2-Ccr7 tm1Rfor) H-2b 

RAG2 deficient C57BL/6   (RAG2-/- B6,    B6.129S2-Rag2tm1Fwa) H-2b 

OT-1 transgenic C57BL/6  (OT-1 B6,  B6.Tg (TcraTcrb)1000Mjb) H-2b 

RAG2 deficient OT-1 transgenic C57BL/6   (RAG2-/-OT-1 B6) H-2b 

C57B/L6  (B6)  H-2b 

BALB/c   (B/c) H-2d 

Table 3  These mouse strains were used in this study. 

CCR7-deficient mice  

CCR7-/-  mice with a targeted disruption of the CCR7 locus were described 

previously [44]. These mice have been backcrossed for at least seven generations 

to the C57L/B6 (B6, H-2b) genetic background, and have been genotyped by 

polymerase chain reaction (PCR).  

RAG2 deficient OT-1 transgenic mice  

RAG2-/-B6 mice were purchased from the Jackson Laboratory. OT-1 B6 mice 

were provided by Prof. William R. Heath (the Walter and Eliza Hall institute of 

medical research, Victoria, Australia) [91]. I generated RAG2-/-OT-1 mice by 
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crossbreeding single mutant mice. BALB/c and C57BL/6 mice were obtained 

from the animal facility of Hannover Medical School.  

All mice were housed and were bred in a specific pathogene free (SPF) 

environment in the animal facility of Hannover Medical School. All of these 

animal strains were maintained with controlled light/dark cycles with free access 

to water and food, and were used at 8-12 weeks of age. All experiments were 

approved by the Niedersächsisches Landesamt für Verbraucherschutz und 

Lebensmittelsicherhetit (LAVES). 

2.3     Heterotopic heart transplantation 

2% xylayine hydrochloride (Rompum, Bayer Animal Health, Germany) and 10% 

Ketamine hydrochloride (Ketamin Gräub 10%, A. Albrecht, Germany) were 

diluted to 1:1:18 in 0.9% saline solution and was given by intraperitoneal 

injection in a dose of  350µl per female mouse and 450µl per male mouse for 

anaesthesia. Heterotopic heart transplantation (HTx) was performed as described 

earlier [92]. Briefly, the donor heart was harvested along with pulmonary artery 

and aorta after injection of 1 ml heparinized  chilled saline solution (containing 

20 IU heparin) via inferior 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 [92]: 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. 

 

2.4    Post-transplant therapy 

For tolerance induction, the recipient was treated with 500µg hamster-anti-mouse 

CD40L mAb (MR-1) plus 5×106 donor splenocytes intravenously at day 0 of heart 

transplantation [93]. 
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FTY720 was kindly provided by Dr. V. Brinkmann, Novartis Pharma. It was 

dissolved in distilled water to a concentration of 1mg/ml as stock solution and 

stored at 4°C. It was given to the recipient mice by oral gavage at a dose of 

1mg/kg daily before HTx for 14 consecutive days and also after HTx for 14 

consecutive days. 

 

For T cell immune reconstitution in RAG2-/-OT-1 B6 recipient, 1×107 T cells was 

transfused via tail vein one day before heart transplantation. 

 

2.5   Statistics 

 

Mean survival time and cell percentage were calculated for each group. Survival 

time and cell percentages between certain groups were compared by t- test. A P 

value of <0.05 was considered significant.
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3.   Results 
 
 
3.1    Tolerance cannot be induced by CD40-CD40L blockade together with 

donor specific transfusion in CCR7-deficient mice 

 
Recent studies have demonstrated that lymph node occupancy by T cells is critical 

for the establishment of tolerance [10, 11]. In CCR7-/- mice, the homing ability of 

lymphocytes to SLOs is severely impaired [94]. Therefore, I tested whether 

significant prolongation of the graft survival can be observed in CCR7-/- hosts 

compared to the WT recipients, and whether tolerance can be induced in CCR7-/- 

recipients treated with CD40-CD40L blockade plus donor specific transfusion.  

 

BALB/c mice are used as donors and WT C57BL/6 mice or CCR7-/- C57BL/6 

mice as recipients in a full MHC mismatch murine heart transplantation model. 

First, hearts from BALB/c mice were grafted to WT and CCR7-/- mice without 

CD40-CD40L blockade plus donor specific transfusion treatment. The results 

show that rejection was delayed in CCR7-/- hosts (14.2±1.2 days) compared to WT 

recipients (10.3±1.2 days). Interestingly, I observed that the survival time of the 

grafts in the CCR7-/- hosts can only be prolonged to 17.2±1.7 days compared to 

more than ten weeks (70 days) in WT recipients when treated with CD40-CD40L 

blockade plus donor specific transfusion treatment. These results are listed in 

Table 4 and shown in Figure 3. 

 

These results indicate that impaired migration of lymphocytes to SLOs in CCR7-/- 

recipients can delay the rejection of allografts. Furthermore, these results 

demonstrate that impaired homing of lymphocytes to SLOs due to CCR7 

deficiency prevent allograft tolerance induction. 
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Figure 3    

 

 
 
 

 
 

Table 4  

 

 

 

 

Donor Recipient Treatment Graft survival time (days) MST (days) Significance 

BALB/c WT B6 
without 
CSB+DST 

8,10,10,10,11,11,11,12 10.3± 1.2 

BALB/c 
CCR7-/- 
B6 

without 
CSB+DST 

13,13,14,14,15,16 14.2± 1.2 

p<0.01 

BALB/c WT B6 
with 
CSB+DST 

>70, >70, >70, >70, >70, 
>70, >70, >70, 

>70 

BALB/c 
CCR7-/- 
B6 

with 
CSB+DST 

15,15,17,18,18,19 17 ± 1.7 

p<0.01 
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Survival of allografts in WT and CCR7-/- recipients with or    without                                                 

costimulation blockade plus donor specific transfusion treatment. 

Graft survival in WT B6 and CCR7-/- B6 recipients with or without  

 costimulation blockade plus donor specific transfusion. 
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3.2   Evaluation of graft function in CCR7-deficient mice treated with   

costimulation blockade plus donor specific transfusion 

Graft function between WT B6 mice and CCR7-/- recipient both of which were 

treated with CSB plus DST appeared different at day 12 post-transplantation. 

Graft function is scoring 4 in WT B6 hosts while it is scoring 3 in CCR7-/- B6 

hosts (Figure 4). Grafts and the other samples of these recipients were harvested 

for analysis at day 12 post-transplantation. 

 

 

 

Figure 4     
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Graft function in recipients treated with CSB plus DST. The graft   

function between WT B6 and CCR7-/- B6 recipients is not 

different at day 10 post-transplantation, but is different at day 12 

post-transplantation. 
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3.3 Histological analysis of heart allografts of recipients treated with                

costimulation blockade together with donor specific transfusion 

 

H&E staining was performed on cryostat sections of heart allografts which were 

harvested at day 12 post-transplantation. There was a pronounced mononuclear 

cell infiltration in the heart allograft of CCR7-/- B6 hosts. Furthermore, cardiac 

muscular necrosis was evident in some cases (Figure 5). 

 

        
 
          A  WT B6 CSB+ DST                                                B  CCR7-/- B6  CSB+DST  
 

Figure 5    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A B A 

Compared with CCR7-/- mice treated with costimulation 

blockade plus donor specific transfusion (B), the mononuclear 

cell infiltration was reduced and the muscular structure was 

intact in the allografts of WT recipients treated with 

costimulation blockade plus donor specific transfusion (A) 

(magnification ×200, H&E staining). 
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3.4   BrdU positive cell infiltration in heart grafts on day 12 post-transplantation  

BrdU labelling was performed in cardiac grafts on day 12 post transplantation. 

BrdU positive cells were visualized in a dark-brown colour using a streptavidin-

peroxidase and diaminobendizine system. As shown in Figure 10, after treatment 

with CSB plus DST, there was a widespread infiltration of BrdU positive (BrdU+) 

cells in the cardiac grafts of CCR7-/- recipients compared to the heart grafts of 

WT recipients. The number of BrdU positve cells was reduced to about 50% in 

the cardiac grafts in WT mice compared with the one in CCR7-/- mice (Figure 6 

& Table 5). 

 
 
Figure 6   

 

 

 

 

 

 

 

 

 

 

 

 

 

 
A B 

Immunohistochemical staining for BrdU positive cells in heart 

grafts of WT B6 (A) mice and CCR7-/- B6 mice (B) which were 

treated with costimulation blockade plus donor specific transfusion 

on day 12 post-transplantation (magnification × 400). Less BrdU+ 

cells infiltrated in the heart grafts of WT recipients (A) compared 

to those of CCR7-/-mice (B). 
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Table 5    

 

 

 

3.5    Immunofluorescence staining of infiltrating lymphocytes in heart grafts 

In order to demonstrate the sub-populations of cardiac infiltrating cells, I 

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 WT B6 recipients compared with CCR7-/- B6 

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

remained unchanged between WT B6 and CCR7-/- B6 recipients treated with 

CSB plus DST. Representative images of immunofluorescence staining are 

shown in Figure 8, with illustration of the number of graft infiltrating cells in 

Figure 7.  

 

 

 

 

 

 

 

 

 

 WT B6 
CSB+DST 

CCR7-/- 
CSB+DST 

Significance 

BrdU+ 

cell 
number 

29± 10.1 60.2± 5.6 P<0.05 

BrdU positive cells were counted in 10 random high power 

fields under magnification ×400 and data are expressed as 

mean ± SD (WT B6 and CCR7-/- B6 recipients treated with 

costimulation blockade plus donor specific transfusion). 
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Figure 7    

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 

The numbers of CD3, CD4 and CD8 positive cells were 

significantly decreased in heart grafts of WT recipients 

(magnification ×200). Positively stained cells were 

counted in 10 random high power fields at 200× 

magnification and data are expressed as mean ± SD. CD3 

positive T cells: 40± 9.5 in WT recipient versus 90.4± 8.0 

in CCR7 recipients (P <0.05). CD4 positive T cells: 13.0 

±5.0 in WT recipient versus 46±7.8 in CCR7-/- recipients 

(P<0.05). CD8 positive T cells: 17.0± 4.0 in WT 

recipient versus 51.4± 5.9  in CCR7 recipients (P<0.05). 
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Figure 8  

 

 
 

 

 

 

 

 

 

CD 4 
DAPI  

CD 3 
DAPI  

CD 8 
DAPI  

WT CCR7-/- 

WT CCR7-/- 

WT CCR7-/- 

Representative immunofluorescence images of CD3, CD4 and 

CD8 cells in the heart graft of WT and CCR7-/- recipients treated 

with DST plus CSB on day 12 post transplantation. Less 

infiltration of CD3, CD4 and CD8 cells was found in heart grafts 

of WT recipients compared to that of CCR7-/- recipients 

(magnification × 200).  
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3.6   Impact of FTY720 on allograft survival in CCR7-deficient recipients 

treated with costimulation blockade together with donor specific transfusion 

 

FTY720, a sphingosine 1-phosphate receptor (S1P-R) agonist, has been shown to 

be highly effective for prolonging the survival of full MHC mismatched grafts in 

WT recipients [95, 96]. However, it is still unclear whether FTY720 in 

combination with CSB plus DST treatment can improve full MHC mismatched 

grafts survival in CCR7-/- recipients. I investigated the cardiac grafts survival time 

in CCR7-/- B6 mice treated with FTY720 in combination with CSB plus DST. 

 

CCR7-/- recipients were divided into an experimental group and a control group. In 

the experimental group, FTY720 was administered to recipients at 1mg/kg by oral 

gavage 14 days before heart transplantation and was withdrawed 14 days after 

transplantation in experimental group, the control group was received distilled 

water in the same regimen. 500µg MR-1 plus 5×106 BALB/c splenocytes was 

administered to every recipient in both groups at day of transplantation (day 0).  

The survival time of grafts did not differ between the experimental group (n=4, 

17.8± 1.7 days) and the control group (n=4, 16.5± 1.3 days).  The results are listed 

in Figure 9 and Table 6. 
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Figure 9  

 

 

 

 

 

 

 Table 6  
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Donor Recipient Treatment 
Graft survival time 

(days) 
MST 
(days) 

Significance 

BALB/c CCR7-/- B6 CSB+DST 15,16,17,18 16.5± 1.3 

BALB/c CCR7-/- B6 CSB+DST+FTY 720 16,17,18,20 17.8± 1.7 
P>0.05 

 

Graft survival in CCR7-/- B6 recipients treated with FTY720 in 

combination with costimulation blockade plus donor specific 

transfusion versus costimulation blockade plus donor specific 

transfusion only. 

 

Survival time of grafts in CCR7-/- B6 mice treated with 

FTY720 in combination with costimulation blockade plus 

donor specific transfusion versus costimulation blockade 

plus donor specific transfusion only. 
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3.7    Immune reconstitution of RAG2 deficient OT-1 transgenic recipients with 

T cells 

 
RAG2-/-OT-1 recipients were reconstituted with intravenous injection of 

untouched isolated 1×107 WT B6 or CCR7-/- B6 T cells via tail vein one day 

before full MHC-mismatch heart transplantation (donors: BALB/c mice). 20 days 

after T cells transfusion, the T cells population in the peripheral blood of the 

recipients was monitored by flow cytometry (Figure 10).  The grafts survival in 

these two groups was observed. Compared with the recipients reconstituted by 

WT B6 T cells, the survival time of grafts showed prominent prolongation in the 

recipients reconstituted by CCR7-/- B6 T cells (Figure 11 and Table 7).  

 

 

Figure 10  
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Representative FACS blots of T cell populations analyzed from 

peripheral blood leukocytes  by flow cytometry with anti-CD8 

antibody and anti-Vα2 antibody (B20.1)  A: naive  WT B6 mouse, B: 

naive RAG2-/-OT-1 mouse without T cell reconstitution, C: RAG2-/-

OT-1 recipient mouse with T cell reconstitution (20 days after T cell 

immune reconstitution). 
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Figure 11  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 7    
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Donor Recipient Treatment 
Graft survival time 
(days) 

Sig. 

BALB/c 
RAG2-/-OT-1  

B6 

with CCR7-/- 

B6 T cell 
reconstitution 

 

31,40,67,72,76,80,95 

BALB/c RAG2-/-OT-1  
with WT B6 T 

cells 
reconstitution 

16,23,23,40,41,42 

p<0.01 

BALB/c RAG2-/-OT-1  
without T cells 
reconstitution 

>100, >100, >100, 
>100, >100, >100,  

 

 

Graft survival in RAG2-/-OT-1 B6 recipients with or without T cell 

immune reconstitution. 

Graft survival in RAG2-/-OT-1 B6 recipients with or without 

T cell immune reconstitution.   
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3.8      More CD44highCD3+ T cells in peripheral LNs of CCR7-deficient mice 

than in wildtype mice 

 
CD44 is a multistructural and multifunctional glycoprotein, and its expression is 

an indicative marker for effector/memory T cells [97]. Close encounters of APCs 

and naive T cells in the peripheral LN are essential for the efficient initiation of 

transplant tolerance [88]. CCR7-/- mice show impaired lymph-node homing and 

positioning of naive, memory and regulatory T cells. Therefore, I tested whether 

the percentage of the CD44high T cell subset in the pLNs was different between 

WT and CCR7-/- mice. It was found that the ratio of  CD3+CD44high T cell subsets 

is higher in the pLNs of CCR7-/- naive B6 mice (0.92 ± 0.14) compared with in the 

WT naive B6 mice (0.30 ± 0.10) ( Figure 12 ).   

 

Figure 12  
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A: The subpopulation of CD3+CD44high is elevated in the 

CCR7-/- naive B6 mice versus WT naive B6 mice. The ratio of  

CD3+CD44high/CD3+CD44low cells in the peripheral  LNs of 

CCR7-/- naive B6 mice versus in WT naive B6 mice (0.92 ± 

0.14 vs. 0.30 ± 0.10, P<0.05) is shown here. B: Percentage of 

CD3+CD44high and CD3+CD44low cell subsets in CCR7-/- naive 

B6 mice and WT B6 naive mice.  
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3.9     Flow cytometric analysis of intragraft infiltrating lymphocytes   
 
Intragraft infiltrating lymphocytes were isolated from heart grafts according to a 

collagenase-based protocol for heart allografts which were harvested at day 12 

post-transplantation and were analyzed by flow cytometry. Mice were divided into 

WT syngeneic control group (n=4), CCR7-/- syngeneic control group (n=4), WT 

allogeneic group (n=5) and CCR7-/- allogeneic group (n=5). The absolute number 

of both CD4+ and CD8+ T cells were increased in WT allogeneic group and 

CCR7-/- allogeneic group compared with that in WT syngeneic control group and 

CCR7-/- syngeneic control group. However, there were more intragraft infiltrating 

CD4+ and CD8+ T cells in the CCR7-/- allogeneic group compared with in WT 

allogeneic control group. These results (Figure 13 a,b) are consistent with what I 

found in the immunoflusescence staining shown above (Figure 7 and Figure 8). I 

also investigated the expression of the activation/effector marker CD44 on CD4+ 

and CD8+ cells. The absolute number of both CD4+CD44high and CD8+CD44high T 

cell subpopulations were also increased in WT allogeneic group and CCR7-/-group 

(Table 8) compared with WT syngeneic control group and CCR7-/- allogeneic 

group.  Furthermore, the CD4+CD44high and CD8+CD44high T cell subpopulation 

were significantly increased in the CCR7-/- allogeneic group in comparison with 

the WT allogeneic group (Figure 13 c,d). The absolute cell numbers of the T cell 

subpopulations are listed in Table 8.  
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   Table 8   Absolute number of   intragraft infiltrating T lymphocytes 
 
 

Experiment group 
Animal 
numbers 

donor recipient treatment 
CD4+ 
(×104) 

CD8+ 
(×104) 

CD4+CD44high 
(×104) 

CD8+CD44high 
       (×104) 

WT syngeneic control 4 WT B6 WT B6 non-treatment 1.72 ± 0.61 0.66± 0.19 0.07 ± 0.03 0.04 ± 0.02 

CCR7-/- syngeneic 
control 

4 WT B6 CCR7-/- B6 non-treatment 2.57 ± 0.57 1.20 ± 0.53 0.11± 0.03 0.07 ± 0.02 

WT allogeneic group 5 BALB/c WT B6 CSB+DST 14.75 ± 0.99 35.17 ± 4.31 0.90 ± 0.14 0.98 ± 0.32 

CCR7-/- allogeneic 
group 

5 BALB/c WT B6 CSB+DST 38.39 ± 4.44 60.90 ± 2.93 3.56 ± 0.87 6.75 ± 1.72 
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Figure 13   
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Absolute cell number of CD4+ (a), CD8+ (b), CD4+CD44high (c) and 

CD8+CD44high (d) cells infiltrating the grafts of WT syngeneic 

control group (n=4, open bars), CCR7-/- syngeneic control group 

(n=4, closed bars ),  WT allogeneic group (n=5, open bars) and  

CCR7-/- allogeneic group (n=5, closed bars).  (ns: no significant 

difference * P<0.05, ** P< 0.01).  
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3.10     Distribution of Tregs in heart grafts and peripheral lymph nodes of 

recipient mice 

 
In order to study the distribution of Tregs, I analyzed the frequency of Tregs in 

heart allografts and pLNs of recipients (inguinal LNs, axillary LNs and all 

brachial LNs) which were harvested at day 12 post-transplantation by 

immunofluorescence staining and flow cytometry. For immunohistology, the 

following groups were analyzed: WT allogeneic group treated with CSB plus DST 

(n=6) and CCR7-/- allogeneic group treated with CSB plus DST (n=6). The 

number of CD4+FoxP3+ heart graft infiltrating cells was significantly decreased in 

WT B6 recipients (9.62 ± 0.87; n=6) compared with CCR7-/- B6 recipients (14.52 

± 1.20; n=6) (Figure 14 ). Moreover, I also used flow cytometric analysis to count 

the absolute number of Tregs which distribute in heart grafts and pLNs of 

recipients. The following recipients were analyzed: WT syngeneic control group 

(n=4), CCR7-/- syngeneic control group (n=4), WT allogeneic group treated with 

CSB plus DST (n=5) and CCR7-/- allogeneic group treated with CSB plus DST 

(n=5). Intragraft infiltrated lymphocytes were analyzed for their expression of 

FoxP3 and CD25 on gated CD4+ T cells (Figure15 a). Lymphocytes isolated from 

pLNs of recipients were analyzed for their expression of FoxP3 and CD25 on the 

gate of CD4+ T cells (Figure15 b). The absolute number of intragraft infiltrated 

Tregs is 0.056 ± 0.019 ×104 in WT syngeneic control group, 0.038 ± 0.010 ×104 in 

CCR7-/- syngeneic  control group, 0.645 ± 0.061 ×104 in WT  allogeneic group 

and 1.563 ± 0.190 ×104 in CCR7-/- allogeneic group (Figure 15 c). The absolute 

number of Tregs in the pLNs of recipients is 5.37 ± 0.90 ×104 in WT syngeneic 

control group, 2.11 ± 0.66 ×104 in CCR7-/- syngeneic  control group, 13.44 ± 1.54 

×104 in WT  allogeneic group and 3.93 ± 1.58 ×104 in CCR7-/- allogeneic group 

(Figure 15 d). There are more Tregs  in the grafts of CCR7-/- recipients compared 

with WT recipients under DST plus CSB treatment. More Tregs were presented in 

the WT recipients than in CCR7-/- recipients with or without DST plus CSB 

treatment. These results were consistent with the results I obtained from the 

immunoflusescence staining.  
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 Figure 14     
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All recipients (n=6 in each group) were treated with donor specific 

transfusion plus costimulation blockade. The cell numbers of graft 

infiltration  CD4+FoxP3+ Tregs were counted in 10 random high 

power fields on 7-µm cryostat sections under magnification × 200 

(9.62 ± 0.87 in WT allogeneic group (n=6) versus 14.52 ± 1.20 in 

CCR7-/- allogeneic group (n=6) ).  
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Figure 15 a    

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15 b  

 

 

 

   
10 1 10 2 10 3 10 4

Alexa Fluor 405-A

0
50

10
0

15
0

N
um

be
r

R2

                  100 101 102 103 104

P
E

-A
10

0
10

1
10

2
10

3
10

4

FITC-A

R3

 
 

F
o

xP
3 

CD4 

10 1 10 2 10 3 10 4

Alexa Fluor 405-A

0
50

10
0

15
0

20
0

25
0

30
0

N
um

be
r

R6

                    
 
 
 
 
 
 
 
 
 
    

          
10 1 10 2 10 3 10 4

Alexa Fluor 405-A

0
50

10
0

15
0

20
0

25
0

30
0

N
um

be
r

R2

                    

 

C
C

R
7-

/-
 a

llo
ge

ne
ic

 g
ro

up
 

W
T

 a
llo

ge
ne

ic
  g

ro
up

 

CD4 

CD25 

CD4 

F
o

xP
3 

CD25 

F
o

xP
3 

CD25 

Intragraft infiltrating lymphocyts were analyzed for their 

expression of FoxP3 and CD25 on the gate of 

lymphocytes. 

Lymphocytes from peripheral LN of CCR7-/- allogeneic 

group and WT allogeneic group were analyzed for 

expression of FoxP3 and CD25 on the gate of  

lymphocytes. 

50 



Results 

 

 
  

Figure 15 c,d   
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Absolute cell counts of Tregs present in the grafts and  

pheripheral LN  of WT syngeneic control group (n= 4, open 

bars), CCR7-/- syngeneic  control group (n= 4, closed bars), WT  

allogeneic group (n= 5, open bars) and CCR7-/- allogeneic group 

(n= 5, closed bars) were shown. Leukocytes were isolated from 

cardiac grafts and pLNs of recipients and were  stained using 

anti-CD4 mAb, and anti-CD25 mAb and anti-FoxP3 mAb. (c) 

Absolute cell number of cardiac graft infiltrating Tregs. (d)  

Absolute cell number of Tregs presented in the pLNs of 

recipients. 
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4. Discussion 
 
4.1    Impact of CCR7-deficient T cells on allograft rejection 
 
 
CCR7 essentially guides DCs and T cells into LNs which contributes to the 

various steps leading to allograft rejection [94]. CCR7 leads to demonstrates 

disrupted activation of T cells and  DCs which impairs T cells and also humoral 

immune responses [44]. I have developed a model of allograft rejection using 

purified WT T cells or CCR7-/- T cells to reconstitute the T cell immune system of 

RAG2-/-OT-1 mice, which allow a more detailed analysis of the role of  CCR7 on 

T cells in transplant immunity. Compared to immune reconstitution of RAG2-/-

OT-1 recipients with WT T cells, allograft survival time is significantly prolonged 

in RAG2-/-OT-1 recipients which were reconstituted with CCR7-/- T cells.  

Ultimately, I cannot answer the question of why allograft rejection is delayed in 

the adoptively transferred CCR7-/- T cells, but my data unequivocally showed that 

CCR7 has a key role for T cells to orchestrate transplant immunity. 

 

4.2 Costimulation blockade together with donor specific transfusion treatment 

fails to induce tolerance under the condition of CCR7 deficiency 

 
The cascades of transplant immunity are initiated after the acquisition of donor 

MHC molecules by APCs in the periphery [98]. CCR7 has been identified as a 

lymph-node homing receptor to APCs [94].  After the uptake of donor MHC 

molecules, activated APCs undergo up-regulation of CCR7 expression and 

migrate into LNs [85]. Recent data demonstrate that CCR7 and its ligands CCL19 

and CCL21 are essentially involved in the homing of APCs and various 

subpopulations of T cells to LNs [94]. Naive recipient T cells home continuously 

from blood to LNs under the condition of CCR7 expression. Only CCR7+ T cells 

can interact with and extravastat through HEVs to migrate into LNs. Within LNs, 

T cells establish close physical contacts with APCs, which allow alloantigen-

specific antigen recognition. Once alloantigen-specific naive recipient T cells in 

LNs recognise the donor MHC molecules presented by APCs, TCR signals result 

in adhesion molecule changes that strengthen and prolong APCs contact. During 
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this cognate interaction, a second costimulation signal provided by CD154 on the 

T cells binding CD40 molecule on APCs. Naive recipient T cells are primed and 

proliferate by clonal expansion and differentiate into effector cells. Chemokine 

receptors are up-regulated or lost as T cells be activated, allowing activated T cells 

to coordinate their migratory routes with their immunologic function. Injection of 

a donor-specific transfusion of splenocytes (donor MHC molecules) together with 

blocking CD154 with MR1 anti-CD154 mAb can induce transplant tolerance via 

an indirect pathway of alloantigen recognition [99], although the exact 

mechanisms of  it is still poorly characterized [100]. It has been demonstrated that 

cognate interactions fail to activate recipient naive T cells without costimulation 

but instead induce antigen specific T cells anergy or apoptosis. Taken together, it 

is well established that interactions between APCs and host T cells are essential 

for the optimal initiation of transplant tolerance or rejection [101]. Expression of 

CCR7 crucially determines LN-homing capacity of T cells and APCs. CCR7-/- 

mice show impaired LN-homing and position of T cells, as well as a defect in 

migration of APCs from peripheral tissues. As a consequence of the multiple 

defects in LN-homing and positioning in CCR7-/- recipients, the interaction of 

recipients’ T-cell subsets with donor-antigen presenting cells are perturbed, 

thereby preventing normal T-cell development and function. Recent publications 

in the field of mucosal immunology have demonstrated that APCs mediated 

transport of harmless antigens is indeed necessary for the induction of peripheral 

tolerance [102]. APCs that reside at mucosal sites induce tolerance under 

homeostatic conditions by continuously sampling innocuous antigens and 

transporting them to draining LNs in a CCR7 dependent manner. Oral tolerance 

could not be induced in CCR7-/- mice, possibly owing to the impaired migration of 

DCs from the lamina propria to the mesenteric LNs [94]. Further insights into the 

mechanisms of antigen transport by adoptive transfusion of reporter T cells into 

WT and CCR7-/- mice demonstrated that  these CCR7-/- reporter T cells were 

abortively proliferated in WT recipients, but these T cells were neither deleted nor 

anergized and also failed to upregualte any activation marker [103]. Thus, normal 

T-cell development and function in CCR7-/- mice are prevented because of the 

multiple defects in lymphoid organ homing and positioning.  
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To my knowledge, this is the first report that vascularized organ transplant 

tolerance is dependent on CCR7. In theory, once the graft is revascularized, the 

donor MHC molecules are presented to T cells located in the LNs of the 

recipients. In the vascularized organ transplantation model of WT mice, allograft 

acute rejection was initiated instantly by the activation of the host immune system 

or tolerance will be induced by CSB plus DST treatment. Conversely, CCR7-/- 

recipients, on one hand, displayed delayed acute rejection of allografts and, on the 

other hand, showed impairment in induction of allospecific tolerance under the 

treatment of CSB plus DST.   

 

Taken together, these results indicated that CCR7 is a key player that mediates 

rejection or tolerance to vascularized grafts. 

 

4.3 Uninhibited intragraft infiltration, proliferation and activation in the 

allografts of CCR7-/- recipients treated with CD40-CD40L pathway blockade 

 

T cell infiltration is a landmark feature of organ rejection. Both WT and CCR7-/- 

effector T cells can effectively migrate into non-lymphoid tissues in a CCR7-

independent pathway, but CCR7 guides CD4+ and CD8+ effector T cell exit from 

non-lymphoid tissue to re-enter the circulation [45].  When recipients were treated 

with CSB plus DST, it was found that intragraft infiltration of  memory and 

effector T cells, as well as the CD4+  and also CD8+ T cells subsets were markedly 

increased in CCR7-/- recipients compared with that in WT recipients. Present 

results indicated that the activation of donor antigen-specific T cell cannot be 

efficiently inhibited by costimulation blockade in  CCR7-/- recipients, although 

hosts T cells proliferate by clonal expansion and differentiate into effector and 

memory cells in LNs which is mainly controlled by CCR7-mediated cell 

interactions and stimulation by donor MHC molecules via indirect presentation 

[104, 105]. Previous studies have revealed that the need for CCR7-mediated cell 

interactions can be bypassed through alternative pathways. It has been suggested 

that peripheral antigens can diffuse in soluble form into SLOs and alternative 

54 



 Discussion 

 
 

chemoattractant  receptors might also substitute for CCR7 [106-109]. 

Furthermore, CCR7 is required for the efficient departure of T cells form 

peripheral sites, which is an additional factor that may contribute to the enhanced 

cellularity of infiltrates in allograft lesions [110]. 

 

Numerous studies have shown that costimulation blockade induces clonal T-cell 

exhaustion and donor antigen-specific T cell hyporesponsiveness via indirect 

presentation [67] , but it is still obscure in the case of transplant tolerance induced 

by CSB plus DST treatment. The homing of T cells into LNs but not into the 

spleen is controlled by CCR7. Based on the results in my thesis, I thought that 

treatment with CSB plus DST would inhibit the T cell development located in 

LNs but not in the spleen.  Studies examing the immune response mounted by the 

paucity of lymph node T cell (plt/plt) mice, which do not express the CCR7 

ligands CCL19 and CCL21-Ser, also have demonstrated that the primary T cell 

response starts in the spleen rather than in LNs. As  naive T cells are unable to 

cross lymph node HEVs but can efficiently migrate into spleen and are activated 

there, the rejection of vascularized allografts were delayed in plt/plt recipient mice 

[35, 111]. In the present study, my results demonstrated that there is a notable 

dichotomy of CCR7 usage within transplant immunity. Alloantigen-bearing DCs 

and T cells are guided by CCR7 home to LNs in tolerogenic conditions. However, 

DCs and T cells accumulate in the spleen under CCR7 deficiency which 

ultimately results in allograft rejection. 

 

4.4   FTY720 cannot prolong allograft survival in CCR7-deficient recipients 

treated with CSB plus DST 

 
In contrast to conventional immunosuppressants, FTY720 induces lymphopenia 

mainly due to sequestration of lymphocytes in LNs [112]. FTY720 prolongs 

allograft survival both in animal transplant models and in clinical transplantation 

[112]. Previous reports have shown that FTY720 plus CSB inhibited rejection in 

animal transplant models [96]. Given that FTY720 modulates CCR7-dependent 

and independent pathway for lymphocyte homing [107], one prediction from 

present study would be that FTY720 rescue the failure to induce tolerance in 
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CCR7-/- recipient under CSB plus DST treatment. However, the present results 

indicate that a short-term administration of FTY720 cannot prolong allograft 

survival in these recipients.  

 

This finding has been unexpected. Failure to induce tolerance in CCR7-/- mice by 

CSB plus DST treatment cannot be rescued by FTY720 administration, although 

these drug can induce marked lymphopenia in CCR7-/- recipients.  Present data 

unequivocally show that CCR7 is crucial to induce transplant tolerance under the 

tolerance inducing treatment. 

 

4.5     Memory T cells in CCR7-deficient recipients 
 

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

determinants in alloantigen-specific T cells. It also has been reported that 

pathogens like virus, bacteria and parasites have common antigen determinants 

shared with MHC peptides [114]. CD28 and CD40L costimulation requirement is 

mandatory for naive T cells activation, however, it is unclear which is dispensable 

for effect of memory T cell [115]. Another possible explanation for the failure to 

induce tolerance to allografts by CSB plus DST treatment in CCR7-/- recipients 

could be the effect of pre-existing memory T cells in the hosts. Analysis of 

lymphocyte subsets in previous [44] and present research activities show a higher 

proportion of CD44high T cells in LNs of naive CCR7-/- mice in comparison with 

that in LNs of naive WT mice. Compared to WT recipients, my results show-ed a 

higher proportion of CD44highCD4+ and CD44highCD8+ T cells in CCR7-/- 

recipients even if treated with CSB plus DST. Furthermore, present results also 

demonstrate that a higher proportion of CD44highCD4+ and CD44highCD8+ T cells 

infiltrated into allografts in CCR7-/- recipients compared to WT recipients at day 

12 post transplantation treated with CSB plus DST. 

 

At least, two distinctive subsets of memory T cells exist in vivo, which are known  

as  central memory T cells (TCM) and effector memory T cells (TEM) based on their 

cell surface phenotype and anatomic distribution patterns. TCM cells express 

CD45RO, CD62L and CCR7 and have the capacity to home to lymphoid tissues. 
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They respond to antigen by dividing rapidly and can differentiate into effector 

cells, but they have little or no effector function. TEM cells express CD45RO but 

not CD62L or CCR7. They are thought to circulate to the peripheral tissues and 

have limited proliferative capacity but more pronounced effector function. Thus, 

TEM cells provide peripheral surveillance and allow rapid effector responses [25]. 

Despite the lack of normal microanatomical organization, pLNs of CCR7-/- mice 

still contain T cells and DCs, several of which are in close contact with each other. 

This suggests that in the absence of CCR7, other migratory molecules may replace 

CCR7 to allow T cells and DCs to enter LNs. CXCR4 is used by TCM cells to 

home to LNs and CCR2, CCR8, and CXCR3 are used by APCs. Since SLOs of 

CCR7-/- mice contain a large population of CD44+ memory lymphocytes, my 

results suggested that these lymphocytes might be responsible for the rejection in 

CCR7-/- mice with or without CSB plus DST treatment. 

 

4.6   Regulatory T cells from CCR7-deficient recipients are unable to control the 

immune responsiveness to alloantigen 

 

Active regulation, which is one mechanism of T-cell mediated immunoregulation, 

has emerged as a crucial role for both inducing and maintaining specific 

immunological unresponsiveness to donor alloantigens [30, 116]. Recent 

researches demonstrated that Tregs of WT and CCR7-deficient mice are equally 

function in vitro, but Tregs from CCR7-deficient mice are unable to control the 

proliferation of CD4 T cell in vivo and are also inefficient in immunoreguation in 

vivo [87]. CCR7 is expressed by Tregs and affects their tissue distribution. In 

murine heart transplantation model, the contribution of CCR7 to Tregs function 

was also confirmed in the tissues of allografts and hosts peripheral LNs. Present 

results show that immunoregulation in organ transplantation by 

CD4+CD25+Foxp3+ Tregs critically dependent on CCR7. Although CCR7-/- Tregs 

efficiently infiltrate into allografts, they are obviously impaired in prevent 

allograft rejection.  
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LNs are the primary site for the suppressive activity of Tregs [11, 117]. Lymph 

node homing is part of the obligatory curriculum for all Tregs. Previous studies 

have demonstrated that CCR7 is used to home into LN by lymphocytes and is 

involved in the egress of lymphocytes from nonlymphoid organs [45, 110, 118]. 

Unlike their WT counterparts, my data suggested that CCR7-/- Tregs are 

inefficient in homing to LNs and do not inhibit the alloantigen-induced generation 

of host effector T cells under tolerance inducing treatment. This concept is also 

consistent with several recent studies describing Tregs immunoregulation function 

[46, 119] . 

 

Cumulatively, CCR7 is essentially for regulatory T cell to control the immune 

responsiveness to alloantigens under tolerance inducing treatment.
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5.    Summary 
 
Lymphocyte homing to LNs and other lymphoid tissues is required for peripheral 

tolerization to alloantigen. CCR7 essentially guides T cells to home into LNs and 

CCR7 deficiency severely impairs the migration of lymphocytes to LNs. 

Manoeuvres that interfere with signal 1 and signal 2 of T cell activation via 

blockade of CD40-CD40L pathway can result in alloantigen-specific tolerance. 

However, using a murine heterotopic heart transplantation model, I observed that 

they are not applicable in vascularized organ transplantation under CCR7 

deficiency.   

 

I observed a modest prolongation of the full MHC mismatched cardiac allograft 

survival in CCR7-/- recipients compared with WT recipients under non-

immunosuppressive therapy. Furthermore, present results also demonstrate that 

CCR7-/- T cells cannot reject allografts efficiently in CCR7-/- T cell immune 

reconstituted hosts. However, alloantigen-specific tolerance cannot be induced in 

CCR7-/- hosts under tolerance inducing treatment with donor specific transfusion 

plus CD40-CD40L blockade. Moreover, no beneficial effect of a short-course 

FTY720 administration was found on the full MHC mismatched cardiac survival 

in CCR7-/- recipients while combined treatment with CD40-CD40L blockade plus 

donor specific transfusion. Together, my data suggested that CCR7 plays a key 

role in transplant immunity. 

 

 As T cells are vital in orchestrating the immune response to alloantigens, I 

focused on T cell subsets in my study.  I observed that a significantly increased 

number of effector/memory T cells infiltrated into allografts and accumulated in 

pLNs of CCR7-/- hosts under the treatment of donor specific transfusion plus 

CD40-CD40L blockade. Present data demonstrate that intragraft infiltrating 

CCR7-/- Tregs are inefficient in controlling graft rejection. Present results also 

show a CCR7-dependent homing of Tregs to peripheral LNs. These results are in 

accordance with a role of these cells in inducing tolerance to vascularized organ 

transplantation. 
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Cumulatively, CCR7 mediated lymphocyte trafficking is essentially required in 

transplant tolerance induction.
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