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In many clinical circumstances transplantation is currently the treatment of choice to prolong 

life by the replacement of damaged or non-functional organs and tissues. This procedure, 

which nowadays is almost routine clinical practice in developed countries, has been made 

possible by remarkable progresses in surgical, immunological and medical research that have 

taken place over the last century. Given that almost all aspects of the immune system are 

disturbed by the performance of allogeneic organ transplantation, the clinical development of 

this field has been instrumental in the advancement of our understanding of the fundamental 

rules of the immune system.  

The first modern studies in the field of organ transplantation took place at the beginning of the 

20th century in animal models. In 1912 Alexis Carrel was awarded with the Nobel Prize in 

Medicine for his demonstration that renal autografts in dogs survived indefinitely while renal 

allografts rapidly ceased to function [1, 2]. This pioneering work led to the concept of 

histocompatibility, which refers to the fact that even within a same species there are 

polymorphic tissue antigens (alloantigens) that are targeted by the immune system and lead to 

graft rejection. Subsequent experiments contributed to the unraveling of other fundamental 

immunological concepts such as immunological memory (originally described in skin 

transplant models [3]) and the major histocompatibility complex (MHC), called human 

leukocyte antigen (HLA) in humans [4]. Furthermore, the discovery of the phenomenon of 

neonatal tolerance demonstrated that it was possible to prevent immune responses to 

alloantigens and to induce acceptance of the graft in the absence of immunosuppression  [5]. 

Later on, the precise identification of the separate roles of T and B lymphocytes in cellular 

and humoral immunity emerged [6].  

In clinical kidney transplantation, the first immunosuppressive strategy employed to 

circumvent rejection was total body irradiation. This resulted in ineffective protection and 
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only sibling graft transplantation was occasionally successful. Although graft and patient 

outcomes slightly improved after the implementation of novel strategies to select graft donors 

based on MHC-similarities with the recipient, the most important clinical advances took place 

after the introduction of chemical immunosuppressive therapies. The first regimen, employed 

in living non-related kidney transplantation in the early 1960s was the combination of 6-

mercaptopurine with intermittent doses of corticosteroids. This treatment (with the subsequent 

substitution of 6-mercaptopurine by a less toxic derivate, azathioprine) became the standard 

regimen for renal transplantation, and allowed the performance of the first successful liver 

and lung transplantations conducted between unrelated donor-recipient pairs, which took 

place in 1966 and 1967 respectively. The drug that had the most important impact in clinical 

transplantation and revolutioned immunosuppressive therapy was however cyclosporine A, an 

antifungal antibiotic isolated from the fungus Tolypocladium inflatum and found to have 

remarkable immunosuppressive properties in the early 1970s. Later on, additional highly 

effective drugs such as tacrolimus and the monoclonal antibody muromonab-CD3 were also 

introduced in the clinic. The availability of these drugs, together with the advances in surgical 

technique and the donor selection parameters, spectacularly increased the short-term survival 

of transplanted grafts, and contributed to the remarkable popularization of organ 

transplantation that took place in the 1980s all over the world. 

Although the immunological research emerged during the last decades proved to be extremely 

successful at reducing the risk of acute rejection and expanding transplantation as a reliable 

medical practice in many countries, several challenges remain to be solved before 

transplantation can be considered as the ultimate treatment for organ failure. Principally, the 

unspecific activity of the immunosuppressive drugs used to disable the recipient immune 

system results in increased risk of infections and malignancies, and also provokes substantial 
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morbidity and mortality in the form side effects such as hypertension, diabetes or renal 

failure. Furthermore, many transplanted organs suffer a chronic damage that eventually causes 

graft loss and that it is not prevented by current immunosuppressive drugs.  

Current research in transplantation immunology is focused on finding solutions to these 

difficulties. The employment of basic immunologic knowledge from preceding 

immunological studies together with the recent revolution in molecular biology, represent a 

new source of information about how the immune system works. In this recent evolution, the 

use of animal models is playing an essential role. The emergence of transgenic and knockout 

mice helped to uncover the immunological mechanisms of transplantation, to identify the 

cells participating in alloantigen recognition, and to elucidate the molecular and cellular 

pathways involved in the different stages of rejection. A more accurate understanding of the 

alloimmune response will provide a new source of targets to focus subsequent studies to make 

organ transplantation a more effective procedure. Among these fronts emerges a new pool of 

immunosuppressive agents involving higher specificity and fewer side effects.  

Ultimately, the major aim of transplant immunologists is to achieve the indefinite acceptance 

of the graft without immunosuppression and with maintenance of normal activity of the 

immune system against the remaining foreign antigens not expressed by the allograft. This 

concept, known as allograft tolerance, has been widely described in animal models. Its 

clinical application is considered as a highly desirable goal since it could not only improve 

patient survival and quality of life, but also reduce costs and indirectly decrease organ 

demand by prolonging graft survival. In most clinical transplantation settings, however, this 

phenomenon has been observed only anecdotically. Liver transplantation is an exception 

though, since it can spontaneously develop approximately 20% of liver recipients who can 

successfully discontinue all immunosuppressive drugs. This unique immunologic property of 
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liver grafts result in liver transplantation being currently considered as probably the best 

clinical model to study the mechanisms of allograft tolerance in humans. This could bring 

insights into the mechanisms responsible allospecific organ acceptation. In addition, immune 

monitoring of tolerant liver recipients could also provide an immune profiling of tolerance 

and create a predictive assay of tolerance. This “footprint” of tolerance would allow the 

identification of patients with high probability of successful drug withdrawal and would also 

facilitate the efficacy assessment of novel tolerance-inducing strategies. 
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1.1.- The innate and adaptive immune system

The immune system has developed a highly specialized and tightly regulated series of 

mechanisms that evolved with the aim of detecting and responding to different sources of 

danger. These aggressions can be external like bacterial and viral infection or an internal 

damage like malignancy cell growing. The recognition of these menaces, traditionally 

described as the capacity to discriminate between self and non-self, involves two different but 

linked responses, the non-specific and the specific immune response mediated by the innate 

and the adaptive immune system, respectively. 

Organ or tissue transplantation represents an important introduction of non-self antigens graft 

into the recipient. Recognition of donor antigens by the recipient immune system elicits a 

cascade of events similar to that occurring in response to a foreign invader that if it is left 

unchecked results in graft rejection.  

Historically, the field of transplant immunology essentially focused on targeting the 

mechanisms of adaptive immunity, based on the observation that T cells are both necessary 

and sufficient for rejection of allogeneic organs. However, recent advances in our 

understanding of how the immune response is influenced by a variety of antigen non-specific 

factors, have highlighted the participation of the innate immune system in solid organ 

transplantation and its critical role in shaping adaptive immune responses. 

1.1.1.- Innate immune responses

The innate immune system comprises the cells and mechanisms that recognize and provide 

immediate defense against aggressions such as pathogenic infectious agents in a non-specific 

manner. This first-line sentinel function is accomplished through genetically non-rearranged 

receptors that are referred to as pattern recognition receptors (PRRs). These receptors not only 
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discriminate infectious non-self from self by detecting conserved pathogen-derived 

molecules, but they also sense the presence of host-derived molecules that are released from 

damaged or stressed tissues [7]. Transplantation causes an ischemic damage and a surgical 

trauma in the graft that liberate endogenous molecules capable of activating PRRs. Therefore, 

the innate system contributes in the early immune activation in absence of antigen specific 

recognition [8].    

Toll-like receptors (TLRs) are a family of PRRs that are expressed on the surface of various 

cells populations including macrophages, dendritic cells (DCs), and natural killer (NK) cells. 

TLRs have been shown to initiate an up-regulation of proinflammatory mediators in the 

allograft before the T cell response [9]. This cascade of accessory signals, including the 

activation of the complement, secretion of cytokines, chemokines and other co-stimulatory 

molecules, is necessary for the activation and modulation of adaptive immune response [10]. 

Macrophages and DCs are specialized antigen presenting cells (APCs) that play a crucial role 

in initiating the immune responses. APCs are highly efficient at capturing antigen through 

phagocytosis and processing them into peptide fragments that are specifically presented by 

MHC class I or class II molecules to T cells. Antigen recognition entails a co-stimulatory 

molecules presentation and a secretion of proinflammatory cytokines to modulate the 

response.  

NK cells have been shown to supply an early source of IFN-� to initiate T cell priming after 

allogenic recognition. Further, they are also capable of lysing a variety of non-self, viral-

infected and tumor cells by providing potent cytotoxic activity through expression of perforin, 

granzymes, and Fas-ligand. The capacity to kill many cell types without prior antigen 

activation is inactivated if the target cell MHC class I molecules is recognized as self-antigen 
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by killer cell immunoglobulin-like receptors (KIRs) on NK cells, which inhibit signals from 

activating receptors. 

Natural killer T (NKT) cells are a heterogeneous group of T cells that share properties of both 

NK and T cells. These cells co-express a variety of molecular markers that are typically 

associated with NK cells together with a �� T cell receptor (TCR) expression. However, in 

invariant NKT (iNKT) cells subset, their TCRs repertoire differ from conventional T cells in 

that they have less diversity and recognize lipids and glycolipids presented by a member of 

the CD1 family of antigen presenting molecules [11]. NKT cells are able to generate large 

quantities of IFN-� and other cytokines and chemokines, such as IL-2 and TNF-�, in addition 

to the cytotoxic activity mediated by granzyme production.  

γδ T cells are preferentially located in epithelia of various organs playing a role in their 

infection defense. In addition, it has been proposed that their different subsets bridge innate 

and adaptive immune response [12]. On one hand, γδ T cells undergo somatic gene 

rearrangement to generate highly diverse TCRs genes. Thus, they have been shown another 

adaptive immunity feature acting as professional APCs by processing complex protein and 

presenting them such antigens to conventional  �� T cells [13]. On the other hand, γδ T cell 

subsets may also be considered part of the innate immune system. They use restricted TCRs 

or TLR ligands as PRRs in infection reactivity and tumor defense promoting IFN-�, TNF-� 

and cytokines release. Besides, the reactivity pattern of �� T cells is modulated through the 

activation and inhibition of several NK receptors.    

1.1.2.- Adaptive immune responses

The adaptive immune system is composed of highly specialized cells and processes that 

recognize and eliminate non-self antigens in an extremely specific manner. In addition, the 



STATE OF THE ART                                                                                                 THE ALLOIMMUNE RESPONSE 

 

11 

adaptive immunity, in contrast to the innate immune response, is initially delayed in time, but 

provides long-lasting protective immunity through the ability to create an antigen specific 

memory that produce a stronger and faster immune response each time the antigen is 

encountered. 

The adaptive response is mediated by two different but related mechanisms: humoral and 

cellular immune responses. Humoral immunity is based on antibody production by the B 

lymphocytes and on the accessory processes that accompany this immune activity. Some of 

them involve an innate system control, as the classical complement activation and opsonin 

promotion of phagocytosis elimination. But also, it could modulate the adaptive immune 

response by T helper activation and cytokine production. 

T lymphocytes are the central elements of cellular immunity, which plays a crucial role in the 

adaptive response against foreign antigens. Naïve T cells are specifically activated when the 

TCR strongly interacts with a non-self peptide-bound MHC. The two principle T cell 

populations are classified based on reciprocal expression of either the CD4 or CD8 

glycoproteins. CD4+ T cells have MHC class II-restricted TCRs, and CD8+ T cells are MHC 

class I-restricted in their antigen recognition.  

CD4+ T cells, also known as T helper (Th) cells, regulate both the innate and adaptive 

immune responses through their polarization into different Th subtypes and their expression 

of specific surface membrane receptors and secreted cytokines. Thus, these cells have a 

central role in determining the type of immune response that the body produces against 

specific antigens. For instance, the Th1 subset stimulates the cellular response and 

consequently it maximizes the killing efficacy of the macrophages and the proliferation of 

cytotoxic T cells; Th2 cells activate humoral and anti-parasitic responses; Th3 and 

CD4+CD25+Foxp3+ regulatory T (Tregs) cells suppress a variety of immune responses and 
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are crucial for the maintenance of immunological tolerance [14], and the Th17 subset play a 

role in protection against extracellular bacteria, however, its activity could develop 

autoimmune diseases under pathologic conditions [15]. 

Cytotoxic T lymphocytes (CTLs), which are characterized by CD8 co-receptor expression, 

actively destroy virally infected and tumor cells, as well as allogeneic cells present in 

transplanted grafts. Activated CTLs possess two mechanisms to kill their targets, both of 

which require cell-to-cell contact and are shared by other cytotoxic cells such as NK cells 

[16]. The first is the secretion of cytotoxins such as perforin (that form pores in the plasma 

membrane of attached cells allowing ions, water and toxins to enter the cytoplasm) and 

granzymes (that mediate the proteolytic activation of apoptosis on the targeted cells). The 

second mediator of CTL killing is the activation of Fas receptors on the target cell. Cross-

linking of Fas with Fas ligands leads to caspase-dependent apoptosis.  

The magnitude of the pool of potential foreign antigens is enormous. T and B lymphocytes 

require therefore a massive repertoire of TCRs and Immunoglobulins (Ig) respectively, to 

specifically recognize non-self antigens. In principle this would require a huge genomic 

space. Thanks to the highly adaptable system to rearrange TCR and Ig genes, however, a 

small amount of genes are capable of generating a vast number of different antigen receptors, 

each of which is uniquely expressed on an individual lymphocyte.  

1.1.2.1.- Antigen presentation 

The T cell receptor is restricted to recognizing antigenic peptides only when are presented 

through the appropriate molecules of the major histocompatibility complex (MHC). Thus, T 

cell activation requires antigens to be processed and adequately presented on MHC molecules 

by antigen presenting cells (there is one important exception which are superantigens). 

Although under certain circumstances many cells are capable of presenting antigens and 
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prompting adaptive immune responses, only some of them are specifically equipped to do so 

in a highly efficient way and to prime naive T cells. These highly immunogenic cells area 

termed “professional” APCs and mainly comprise dendritic cells, B cells, and macrophages.  

1.1.2.1.1.- T Cell Receptor Complex

The T Cell Receptor Complex comprises the TCR chains, the CD3 complex and the CD4 or 

CD8 co-receptors (in Th and CTL subsets, respectively). Altogether this complex is 

responsible not only for the engagement and recognition of antigen-MHC complexes, but also 

for the signaling cascade leading to the initiation of the T cell activation (first signal).     

TCR is a heterodimer composed of two chains, which are in most cases α and β and on a 

minority of lymphocytes γ and δ. These chains contain a constant (C) and a variable (V) 

domain, which have three hypervariable or complementarity determining regions (CDRs). 

The TCR � and � chains are generated by Variable-Joining (VJ) gene recombination, whereas 

generation of the TCR � and � chains occurs by Variable-Diversity-Joining (V(D)J) gene 

recombination [17]. The junction area between these specific regions corresponds to the 

CDR3 region, which is the main CDR responsible for recognizing processed antigen bound to 

MHC molecules. 

The CD3 complex is composed of three different dimmers resulting from the combination of 

the CD3 molecules (CD3γ, CD3δ and two CD3ε chains) and a ζ-chain dimer. The CD3 

complex is essential to the transport and the signaling capacity of the TCR complex. The 

intracellular tails of the CD3 molecules contain a single conserved motif known as an 

immunoreceptor tyrosine-based activation motif (ITAM). Phosphorylation of the ITAM is 

important in the signaling cascades of the T cell [18]. 
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1.1.2.1.2.- Major Histocompatibility Complex 

The classical MHC molecules also referred as HLA molecules in humans, are anchored in the 

cell membrane, where they display both self and non-self peptides to T cells, via the TCR. 

The HLA molecules are encoded by a highly polyallelic group of genes, and they are 

organized in two classes that present different types of antigens [19].  

HLA class I molecules (A, B and C) present peptides from inside the cell, either self or 

foreign antigens, such as viral peptides, and are strongly expressed in all nucleated cells. 

These peptides are produced from cytoplasmic proteins that are digested by the proteasome 

into small polymers of 7 to 10 amino acids in length. The complex presents the antigens to 

CTLs via the CD8 molecule and also binds inhibitory receptors on NK cells.   

HLA class II molecules (DR, DP and DQ) typically present antigens from outside the cell that 

have been phagocytosed and their expression is restricted to APCs such as DCs, B cells, 

macrophages and activated endothelial cells. APCs use lysosome associated enzymes to 

digest exogenous proteins into smaller peptides, from 13 to 26 amino acids, and display them 

on their surface by coupling them to HLA class II molecules that interact with Th cells by 

binding to the CD4 co-receptor. 

Because of the high levels of allelic diversity found within the MHC genes, the HLA 

molecules are critical determinants of the immunogenicity of transplanted grafts. Thus, donor 

cells displaying HLA molecules not present in the recipient are rapidly recognized as foreign 

antigens and rejected.  

1.1.2.1.3.- T cell selection

T cells are originated from hematopoietic stem cells in the bone marrow. The progenitor cells 

populate the thymus and expand by cell division to generate a large population of immature 



STATE OF THE ART                                                                                                   THE ALLOIMMUNE RESPONSE 

 

15 

thymocytes. The earliest thymocytes express neither CD4 nor CD8, and are classified as 

double-negative cells. They progress to become double-positive and they finally mature to 

single-positive thymocytes. During their thymic development T cells undergo two types of 

selection.  

Through positive selection thymocytes capable of properly interacting with MHCs and 

binding the MHC/antigen complexes presented by thymic cortex receive a survival signal. On 

the other hand, those with low affinity die by apoptosis. The double-positive cells that are 

positive selected on MHC class II molecules will become CD4+ cells, while cells positively 

selected on MHC class I molecules mature into CD8+ cells.  

Negative selection removes thymocytes that bind MHC/antigen complexes presented by DCs 

and macrophages in the thymic medulla by the induction of apoptosis. This process is an 

important component of immunological tolerance and serves to prevent the formation of self-

reactive T cells that are capable of generating autoimmune diseases.  

About 98% of thymocytes die during the development processes in the thymus by failing 

either positive selection or negative selection, whereas the other 2% survive and leave the 

thymus to become mature immunocompetent T cells in the peripheral tissues [20]. However, 

the negative selection in the thymus is not totally efficient and some auto-reactive T cells 

escape the process and reach the periphery, where they might or might not be suppressed by 

regulatory T cells.  

1.1.2.2.- Co-stimulatory pathways 

Once the TCR specifically binds the antigen presented by the MHC molecule, a cascade of 

signaling pathways is activated. These signals initiated by the TCR complex, however, are not 

sufficient to enable cells to undergo optimal activation, proliferation and cytokine production. 
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In order to do so, a second co-stimulatory signal is required [21]. In fact, TCR engagement 

without co-stimulation leads to anergy induction and/or accelerated T cell apoptosis. 

A large number of molecules have been demonstrated to mediate co-stimulation. CD28 is 

expressed constitutively on the surface of T cells, while its ligands B7-1 (CD80) and B7-2 

(CD86) are found on a variety of APCs including DCs, B cells and macrophages. CD28 co-

stimulation enhances cell-cycle entry, expression of IL-2 and induction of anti-apoptotic 

proteins [22]. CD40 and CD40 ligand (CD154), members of the tumor necrosis factor (TNF) 

receptor family can also provide co-stimulatory signals to T cells. CD40 is expressed on 

APCs, but also on non-immune cells including endothelial cells, mast cells and epithelial 

cells. CD154 is expressed on T cells after activation and their consequent binding with CD40 

enhances APC to up-regulate CD80 and CD86 expression and cytokine production [23].  

In addition to positive or activation signals, negative second signals that down-regulate or 

terminate T cell responses are also important in co-stimulation. Cytotoxic T lymphocyte-

associated antigen 4 (CTLA-4), which has approximately 20-fold higher affinity for B7-1 and 

B7-2 than CD28, is up-regulated after T cell activation and prevents positive co-stimulation 

by the dephosphorylation of CD3 and inhibition of cytokine production [24]. Similar 

inhibitory effects are exerted by the programmed death-1 (PD-1) molecule, which is also 

induced after activation of T cells and, following its engagement with the PD-1 ligand, results 

in an inhibition of T cell proliferation [25].       

The ultimate fate of cellular immune responses is determined by the balance between positive 

and negative signals delivered by co-stimulatory molecules to T cells. 



STATE OF THE ART                                                                                                   THE ALLOIMMUNE RESPONSE 

 

17 

1.2.- The alloimmune response

Transplantation constitutes an immunological situation where an allogeneic graft (an organ or 

tissue coming from an individual from the same species exhibiting genetic polymorphisms) 

promotes in the recipient a characteristic immune response directed against the graft. This 

alloimmunity can be divided into several successive stages: the response is initiated through 

the recognition of the alloantigens by the host innate and adaptive immune system; it is 

followed by the activation and the expansion of alloreactive T cells; and is completed by the 

destruction or rejection of the donor cells (effector phase). 

Figure 1: TCR/MHC antigen presentation and co-stimulatory pathways (Rosen H; 
Gastroenterology 2008) 
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1.2.1.- Graft allorecognition 

Transplanted grafts are first damaged by a combination of the lesions promoted by donor 

brain death and organ procurement and by the ischemia/reperfusion injury. These lesions 

enhance the immunogenicity of the graft via danger signals that lead to the recruitment of 

innate immune system cells [26]. This promotes a rapid infiltration of leukocyte into the 

allograft by proinflammatory mediators and facilitates the DCs and T cells trafficking 

between lymph nodes and the transplant. Thus, an early allorecognition by the innate response 

results in a specific alloimmune response mediated by T cells. 

1.2.1.1.- Direct allorecognition 

The direct pathway involves the specific stimulation of the recipient T cells by intact MHC 

molecules expressed on the surface of donor APCs present in the graft. The TCR/MHC 

interaction in the course of direct allorecognition not only depends on the sequence disparity 

between donor and recipient MHC molecules, the associated allopeptide contributes 

increasingly more energy to the overall binding affinity. 

Direct recognition predominates early after transplantation when large numbers of graft-

derived APCs migrate to secondary lymphoid tissues and encounter allospecific T cells [27]. 

However, since donor-derived passenger leukocytes have a limited lifespan, the influence of 

the direct pathway probably diminishes with time after transplantation. 

1.2.1.2.- Indirect allorecognition 

The indirect pathway corresponds to the processing of soluble extracellular proteins that 

APCs perform under physiological circumstances. In transplantation, this takes place when 

donor alloantigens are engulfed by recipient APCs and then processed and presented on 

recipient MHC-II molecules to allospecific CD4 T. To a lesser extent, CD8 T cells interacting 
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with MHC class I molecules cross-presenting some of the allogeneic peptides are also 

involved [28]. Trafficking donor APCs provide a vehicle for the supply of donor antigens to 

recipient APCs located in the lymph nodes. Furthermore, migrant recipient APCs invading the 

graft also capture alloantigens and transports them to draining lymph nodes.  

Transplants can express major and minor histocompatibility specific antigens. While major 

alloantigens consist in MHC class I and class II molecules, which large polymorphism 

increase the probability to find MHC disparities between unrelated transplanted patients [29]. 

The minor alloantigens are those polymorphic peptides derived from non-MHC proteins 

differently expressed between donor and receptor presented by either class I or class II MHC 

molecules. They are characterized to be able to entail a comparable response as MHC 

molecules [30].  

In contrast to the direct pathway, the indirect anti-donor response often persists over time 

since the perpetual trafficking of recipient DCs through the transplanted organ provides a 

continuous influx of indirectly presented alloantigen into the draining lymphoid tissue [31]. 

 

 

 

 

 

 

 

Figure 2: Direct and Indirect allorecognition pathways (Rosen H; Gastroenterology 2008) 



THE ALLOIMMUNE RESPONSE                                                                                                                           STATE OF THE ART 

 

20 

1.2.2.- The rejection response  

Transplant rejection is the final consequence of the recipient's alloimmune response directed 

against the non-self antigens expressed by the graft. Distinct effector pathways and complex 

immune mechanisms appear in a time-sequential manner during the rejection response 

eventually leading to the loss of the function of the graft [32]. 

1.2.2.1.- Hyperacute rejection 

The hyperacute response is induced by pre-formed recipient antibodies against the donor 

antigens. This type of graft rejection, which occurs within 48 hours of engraftment, is 

mediated by the binding of antibodies to antigens that are expressed by the vascular 

endothelium of the graft, predominantly blood-group antigens and MHC class I molecules 

[33]. This activates the complement system and the coagulation cascade, leading to platelet 

and fibrin deposition, and granulocyte and monocyte, but not lymphocyte, infiltration.  

1.2.2.2.- Acute rejection 

The acute rejection response, in contrast to the hyperacute form, is a T cell-mediated process. 

Graft damage is caused by mechanisms that include direct T cell cytotoxicity and classic 

delayed-type hypersensitivity (DTH). Because of the necessity for specific T cell priming and 

maturation, acute rejection usually does not occurs before one week after engraftment, and the 

risk is highest during the first three months. Acute rejection, however, can also occur months 

or years after transplantation.  

The innate response predominates in the early phase of the acute rejection. Chemokines and 

cell adhesion molecules play an essential role in DCs trafficking between graft and lymph 

nodes. There, APCs evokes a direct alloresponse involving both CD4+ and CD8+ effector T 

cells. Subsequently, T cells and cells from innate immune system function synergistically 
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destroy the allograft through contact-dependent T cell cytotoxicity, 

granulocyte/macrophage/NK activation and alloantibody production after B cells activation 

[34]. 

1.2.2.3.- Chronic rejection 

Chronic rejection is a multifactorial and not well understood process probably involving 

multiple immunological and non-immunological factors. The graft extracellular matrix is 

slowly destroyed by macrophage and granulocyte derived inflammatory proteases. Interstitial 

fibroblasts are induced to produce collagen, which together with smooth muscle cell 

hyperplasia result in the narrowing of the graft blood vessels. Various immune cells as well as 

chemokines, pro-inflammatory cytokines and alloantibodies have all been implicated in both 

the initiation and progression of long term graft injury [35]. Besides, non-immunological 

factors such as hypertension, hyperlipidemia and infection may also contribute to the 

atherosclerotic vascular disease through increasing the incidence of fibrosis and the chronic 

allograft vasculopathy associated with loss of graft function [36, 37]. Eventually this process 

leads to progressive graft dysfunction and graft loss. 

1.3.- Graft survival and acceptance

The principal aim in transplantation is to restore the functionality of damaged organs or 

tissues by replacing them with healthier surrogates. When conducted across allogeneic 

barriers, however, the recipient immune system recognizes the graft as foreign and attempts to 

remove it by attacking it using different cytophatic immune strategies. To prevent the graft 

from being destroyed and ensure long-term graft function it is critical to neutralize the 

effector arms of the alloimmune response. Strategies employed to better preserve the grafts 
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and diminish their immunogenicity together with the use of pre-transplantation crossmatch to 

exclude recipients bearing anti-donor preformed antibodies have both been major advances 

that have had a significant impact on graft survival. However, given the continuous activation 

of the recipient’s adaptive immune system through both direct and indirect allorecognition 

pathways, avoidance of rejection requires in most circumstances the indefinite administration 

of therapies capable of inhibiting the principal effector immune cells.  

1.3.1.- Pharmacological immunosuppression

The immunosuppressive agents are drugs that inhibit or prevent activity of the immune 

system; hence, they are also used to treat autoimmune and inflammatory diseases. Since the 

first description of their immunosuppressive properties in animal models in 1960s, the 

efficacy and safety of immunosuppressive agents have markedly improved and this has 

probably been the most important factor responsible for the improvement of graft and patient 

survival observed in the last 30 years.  

Immunosuppression can be attained by blocking different pathways involved in effector 

immune responses. Given the central role of lymphocytes in graft rejection, most therapeutic 

strategies have targeted lymphocyte molecules with the aim of directly eliminating these cells 

or at least blocking their activation, proliferation, and/or trafficking [38, 39]. In most cases, 

however, blockade of an individual pathway does not prevent allograft rejection, and long-

term graft survival requires the simultaneously blocking of several pathways through a 

combination of different agents.  

1.3.1.1.- Mechanisms of action of immunosuppressive drugs 

Multiple immunosuppressive drugs with different sites of action are currently available to 

interfere with the normal activity of the immune system. Most of them are small molecules 
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capable of crossing the cell membrane and blocking immune pathways inside the target cell. 

Calcineurin inhibitors (CNIs) such as cyclosporine A (CyA) and tacrolimus, antagonize the 

activity of calcineurin (a serine-threonine phosphatase), the actions of which are essential for 

the generation of gene transcription factors, including nuclear factor of activated T cells 

(NFAT), nuclear factor-kB (NF-kB) and JUN N-terminal kinase (JNK). These agents 

selectively inhibit the synthesis of various cytokines by lymphoid cells such as IL-2, critical 

for their activation [40]. 

The inhibition of co-stimulatory pathways constitutes another principal mechanism of action. 

Rapamycin (sirolimus) blocks signals transduced from a variety of growth factor receptors to 

the nucleus, such as IL-2 or IL-15, by acting on the mTOR pathway; important for T-cell 

proliferation, B-cell stimulation and antibody production [41, 42].   

Corticosteroids are the most frequently used non-CNI agents. Through DNA binding, they 

abrogate the expression of multiple cytokines, including IL-1, IL-2, IL-3 and IL-6, by 

targeting transcription factors such as activator protein 1 (AP1) and NF-kB. In addition, 

corticosteroids suppress eicosanoid production and down-regulate adhesion molecules. 

To block the source of necessary metabolites for needed normal cell activity is a further 

important mechanism of immunosuppression. Lymphocytes require the synthesis of purine 

and pyrimidine nucleotides for replication. Antimetabolites used in transplantation include 

azathioprine (AZA), mycophenolate mofetil (MMF) and mycophenolic acid (MPA), which 

blocks differentiation and proliferation of T and B lymphocytes. 

Antibodies constitute a different group of immunosuppressive agents in transplantation. They 

can target a wide variety of different pathways through binding and thereby blocking 

membrane receptors. Polyclonal antibody preparations (such as thymoglobulin, AteGe, or 
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antilymphocyte serum) target multiple epitopes on T cells and other lymphocytes (CD2, CD3, 

CD4, CD8, CD28, CD16) and result in functional alterations and/or depletion. Monoclonal 

antibodies are used to block single specific targets inhibiting different steps in the immune 

response activation. Muromonab-CD3 (OKT3) binds the CD3 antigen on the surface of T-

cells inactivating the adjacent TCR complex signal and leading to T lymphocyte depletion. 

Basiliximab and Daclizumab attach to the IL-2 receptor alfa-chain (CD25 antigen), depleting 

activated T cells and inhibiting IL2-induced T-cell proliferation. Other lymphocyte depleting 

antibodies are campath-1H, that targets the CD52 antigen in different cell types, and 

rituximab that binds CD20 on B cells. Another type of antibodies are those capable of 

blocking co-stimulatory pathways and preventing the transduction of the second signal 

required for T cell activation. The best example of the latter is belatacept (LEA29Y), a 

CTLA-4 fusion protein that contains a high-affinity binding site for B7 expressed in APCs.  

  

 

 

Figure 3: Immunosuppressive drugs and sites of action. (Rosen H; Gastroenterology 2008) 
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1.3.1.2.- Side effects of immunosuppressive drugs 

Current immunosuppressive agents are not selective for alloreactive cells and exert a 

widespread non-specific effect on the immune system rendering it less effective in the combat 

against infections and in its immunosurveillance function. This results in higher rates of 

infections (some of them opportunistics) and cancer [43, 44].  

In addition to the negative consequences of a compromised immune system, each drug 

exhibits intrinsic metabolic side effects, such as hypertension, dyslipidemia, hyperglycemia, 

ulcers, nauseas, vomiting, and liver and kidney toxicity [38, 45]. Immunosuppressive agents 

also interact with other medications and affect their metabolism, action and blood 

concentration.  

1.3.2.- New strategies of immunosuppression

The progress of immunosuppressive therapy has dramatically improved the short-term results 

of organ transplantation. For this reason, the amelioration of long-term survival and the 

reduction of toxicity secondary to chronic immunosuppressive treatment have gain much 

more relevance in recent years. Several therapeutic strategies have been attempted in order to 

use currently available immunosuppressive drugs in a less toxic manner and to prevent 

chronic allograft failure. However, no immunosuppressive drug is devoid of side effects, and 

despite multiple studies having been performed, calcineurin inhibitors continue to be the 

cornerstone in the immunosuppressive therapy or graft recipients, and no alternative regimen 

has so far seriously challenged the almost universal use of these drugs. Another subject that 

has been also explored is the use of immune monitoring tools to tailor the doses of 

immunosuppressive drugs administered. [46]. While this filed is extremely promising, and 

several reports of immune monitoring tools with potential clinical utility have been published, 

their impact in routine clinical practice is still minimal [47-49]. The ultimate answer to solve 
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these problems would be the shift from non-specific immunosuppression to donor-specific 

immunoregulation (i.e. the selective tolerarization of donor-specific lymphocytes), Again, 

while this is very actively being pursued in experimental transplantation, the field of tolerance 

induction is still far from being ready for routine clinical application in organ transplantation.  
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2.- TRANSPLANTATION TOLERANCE
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2.1.- Basic concepts in transplantation tolerance

Immunologic tolerance is traditionally defined as a state of antigen-specific unresponsiveness 

in the absence of immune system ablation and maintaining the normal immunocompetence 

against other non-self antigens [50]. Under physiological conductions, tolerance against self-

antigens is established at the central and peripheral levels.  

Central tolerance results from intrathymic deletion of T cells with high avidity for thymically-

expressed self-antigens. Peripheral tolerance de-activates those lymphocytes with self-

reactivity escaping central tolerance. Many mechanisms contribute to peripheral tolerance 

including ignorance, deletion by apoptosis, the induction of anergy, and active 

immunosuppression by regulatory T cells. The correct functioning of these mechanisms 

ensures the absence of autoimmune diseases. In addition, these same mechanisms are 

responsible for the acquisition of tolerance directed against foreign antigens both in 

physiological (pregnancy, intestinal microbiota, mucosal immunity), and non-physiological 

(e.g. transplantation [51]) conditions.  

Transplantation tolerance is defined as indefinite donor-specific unresponsiveness that 

persists despite cessation of immunosuppressive therapy. In experimental animal models, 

tolerance is demonstrated by the acceptance of subsequent donor allografts in a recipient that 

retains the ability to reject third-party allografts. In the past decades, remarkable progress has 

been made to define the molecular basis of transplantation tolerance in rodents [52]. 

However, a complete understanding of these underlying mechanisms in both human and 

animal models is far from complete.     

In clinical transplantation, patients spontaneously accepting their grafts despite complete 

discontinuation of all immunosuppressive therapy are occasionally identified (particularly in 

liver transplantation [53]) and constitute the best proof-of-principle available that 
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immunological allograft tolerance is achievable in humans. However, the absence of a clinical 

opportunity to prove the preservation of an otherwise normal immune response, maintaining 

the capacity to reject third-party allograft and to accept a second donor-specific allograft, 

evokes to redefine the concept for “operationally tolerant state”, as a long-term functional 

graft survival in a patient not requiring maintenance immunosuppression [54].  

2.2.- Mechanisms of transplantation tolerance

Transplantation tolerance as described in rodents is an actively acquired and highly regulated 

process [55]. Although the precise nature underlying allograft tolerance is still not firmly 

established, multiple processes involving several cellular components that evolve over time 

are responsible for definitive allospecific immunoregulation. 

2.2.1.- Clonal deletion

Clonal deletion of alloreactive lymphocytes has been shown to be highly efficient to obtain a 

prolonged state of tolerance. The specific deletion of donor-antigen reactive T cells can be 

achieved centrally in the thymus or in the periphery. Infusion and permanence of donor APCs 

in the recipient’s thymus enables these cells to trigger the central deletion of maturing 

allospecific thymocytes though cell-death mechanism used naturally in the negative selection 

to promote central self-tolerance [56]. 

Although deletion is primarily confined to developing thymocytes, mature allospecific T cells 

can also undergo apoptosis following a passive or active induced cell death in the periphery. 

The passive death signal can be triggered by antigen allorecognition under suboptimal 

conditions, such as absence of co-stimulatory signals and IL-2 secretion, evoking an 

inhibition of anti-apoptotic gene expression, including Bcl-2 and Bcl-xL. Contrary, the active 
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death signal requires immune activation and IL-2 secretion together with a Fas ligand or TNF 

receptor interaction [57]. 

Apoptosis of activated alloreactive T cells in certain peripheral microenvironments may 

contribute to the induction, maintenance, and regulation of allograft tolerance. Tissues and 

organs such as cornea, testis, placenta and liver have the benefit of immune privilege state 

[58]. The existence of regulatory mechanism in grafts that trigger apoptotic cell death on 

invading host lymphocytes confers a privileged immune status during transplantation.   

2.2.2.- Clonal anergy

Naïve T cells require a several different stimulatory signals to attain complete activation. 

Defective signals following TCR engagement by altered ligands or the absence of co-

stimulatory signals, such as CD28 interaction, entails induction of anergy [59]. Clonal anergy 

refers to functionally inactivated antigen-specific T cells in absence of lymphocyte deletion. 

This state is characterized by inhibition of IL-2 production, profound defect in CD40 ligand 

expression and decreased TCR ζ-chain and ZAP-70 phosphorylation. Consequently, the 

allospecific T cells loose proliferation capacity and reduce their lifespan. 

2.2.3.- Clonal exhaustion

Clonal exhaustion can occur as a result of chronic alloantigen stimulation or alloantigen 

recognition under suboptimal conditions. The consequence is either deletion or functional 

inactivation of the cells that are responding to donor alloantigen. The large number of donor-

derived APCs migrating from the graft to the draining lymphoid tissues could trigger this type 

of response after transplantation at organs highly populated with APCs such as the liver [60]. 
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2.2.4.- Immunoregulation

Immunoregulation is an active process of peripheral tolerance whereby one population of 

cells controls or regulates the activity of other lymphocyte population. Various lymphocyte 

subsets have been described to be capable of influence both the innate and adaptive immune 

responsiveness against alloantigens, resulting in the actively promotion and maintenance of 

graft acceptance by the recipient’s immune system [51, 61]. 

2.2.4.1.- CD4+CD25+ regulatory T cells 

The suppressive capacity mediated through a CD4 T-cell population was first described 

during the 1990s in animal models. Various studies demonstrated that CD4 cells expressing 

the IL-2 receptor chain (CD25) were able to inhibit allograft rejection in rats. In addition, 

their suppressive action was necessary to maintain the immunological self-tolerance to avoid 

autoimmune diseases in mice models [62, 63]. Subsequently, several groups described the 

existence of these cells in the peripheral blood and lymphoid tissues in humans as well [64].  

Research on CD4+CD25+ T cells has experienced an enormous growth showing that these 

regulatory cells play an important role in autoimmune disorders, infection, tumors, allergy 

and transplantation. They are potent suppressor cells and are capably of suppressing the 

effector cell functions of various lymphocytes including effector CD4+CD25- T cells, 

cytotoxic CD8+ T cells, NK cells, and B cells. Moreover, CD4+CD25+ Tregs can also 

suppress the response of T cells activated by the same or by different APCs, so-called by-

stander or linked suppression [65]. Multiple efforts have been made to describe the 

mechanisms of action and the origin of their different subsets.  
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2.2.4.1.1.- Natural CD4+CD25+ regulatory T cells

Naturally occurring CD4+CD25+ Tregs are derived from the thymus and comprise 5-10% of 

the CD4+ T cell population in peripheral blood. Their intrathymic generation requires higher 

affinity of their TCRs for self-peptide MHC class II complex than those expressed by effector 

T cells, but lower avidity than the autoreactive T-cells that are negatively selected by clonal 

deletion [66, 67]. 

CD4+CD25+ Tregs express several characteristic markers. In addition to the high expression 

of CD25, they also express CTLA-4, glucocorticoid induced tumor necrosis factor receptor 

family-related gene (GITR or TNFRSF18), CD103 (�E�7 integrin), CD62L (L-selectin) and 

CD122 (interleukin-2 receptor b-chain). These extracellular markers, however, are not 

exclusive for CD4+CD25+ Tregs, as they are also expressed on other T-cell subsets, making 

them unreliable to precisely identify this cell lineage (particularly in humans, where the 

distinction between Tregs and activated effector T cells is more difficult than in rodents).  

The transcription factor forkhead box P3 (FOXP3) is the key regulatory gene for thymic 

development and function of CD4+CD25+ Tregs. FOXP3 gene mutation or expression 

absence gives rise to severe immune dysregulation in rodents and human [68, 69]. FOXP3 

expression is restricted to CD4+CD25+ Tregs, although T-cell activation might also induce 

transient FOXP3 expression in non-regulatory human cells. The expression of the IL-7 

receptor a chain (CD127) inversely correlates with FOXP3 expression and with the activity of 

regulatory T cells, and be employed as a highly selective marker to identify CD4+CD25+ 

Foxp3+ Tregs [70]. 

To exert their function in transplantation tolerance, CD4+CD25+ Tregs require antigen 

specific activation via their TCR and provision of IL-2 signaling. Once activated, they employ 

different mechanisms to suppress the proliferation and cytokine production of effector cells, 
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including the secretion of immunosuppressive cytokines (e.g. transforming growth factor-� 

(TGF-�) and IL-10), and the  inhibition of effector lymphocytes though direct cell-to-cell 

taking place via binding of cell-surface molecules such as CTLA-4 [71-74]. Furthermore, 

CD4+CD25+ Tregs induce apoptosis of effector T cells by both deprivation of cytokines or 

perforin-dependent pathway [75]. In addition, they may also down-modulate the function of 

APCs and render them unable to activate effector T cells.  

2.2.4.1.2.- Adaptive CD4+CD25+ regulatory T cells

In addition thymic-derived naturally occurring regulatory T cells, other CD4+ regulatory T 

cell populations are generated in the periphery from CD4+CD25-FOXP3- effector T cells after 

cytokine-dependent stimulation. This so called adaptive CD4+CD25+ Tregs share similar 

regulatory properties with natural Tregs. Although the induced Tregs express the same 

characteristic makers including FOXP3, their suppressive capacity seems to be unstable in 

time, correlating with the epigenetic control of FOXP3 gene properties [76]. Contrary to 

natural Tregs, the persistent hypermethylation of the Treg-specific demethylation region 

(TSDR) in adaptive Tregs is the only way to distinguish both regulatory T cell populations 

[77]. 

Type 1 regulatory T cells (Tr1) are a different type of adaptive regulatory T cells that can be 

generated: a) from naive CD4 T cells by antigenic stimulation in the presence of IL-10 in 

combination with IFN-��� b) by a combination of vitamin D3 and dexamethasone [78, 79]; 

and c) after stimulation of CD4+ naïve T cells by allogenic immature DCs [80]. Tr1 

regulatory cells regulate alloantigen specific responses by producing high levels of the 

immunosuppressive cytokines IL-10 and TGF-���	
�. A further subset of adaptive Tregs, the 

Th3 cells, are generated in experimental models after oral administration of alloantigens [82]. 

These cells produce high levels of TGF-� with varying amounts of IL-4 and IL-10, thereby 
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evoking an immunological state known as oral tolerance, generating an important means of 

suppressing the alloimmune response [82, 83].  

2.2.4.2.- NK cells 

NK cells seem to have a dual role in mediating both rejection and tolerance in transplantation. 

In addition to their contribution to surveillance against transformed cells, certain viruses and 

other intracellular pathogens, NK cells can act as regulatory cells to influence various other 

cell types, such as DCs, T cells, B cells and endothelial cells [84]. 

A series of experiments have shown that NK cells, but not NKT cells, are necessary for 

tolerance induction in a fully mismatched islet transplantation model [85]. Furthermore, NK 

cells have a crucial role in eliminating graft-derived APCs, thereby preventing donor DCs 

from migrating to lymphoid and non-lymphoid sites in the recipient, where they can directly 

activate alloreactive T cells to respond against the graft [86]. 

NK cells also perform an immunoregulatory activity during the pregnancy through the highly 

enrichment of uterine NK cells in the placenta. In addition, the maintenance of the fetal graft 

depends of their presence [87]. Although the reported evidences, the specific contribution of 

NK cells to transplantation tolerance remains partially unknown and further studies must be 

done.      

2.2.4.3.- NKT cells 

NKT cells are generated in the thymus and represent less than 0.1% of peripheral blood 

lymphocytes in human beings. Although they are found in various tissues, they are located 

primarily in the liver and bone marrow and less commonly in the spleen and peripheral lymph 

nodes [88]. Several studies have shown their important role as regulatory lymphocytes in 

different immune features. 
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Both in rodents and in humans, altered function of NKT cells has been associated with several 

autoimmune diseases such as type 1 diabetes and systemic sclerosis [89, 90]. The mechanism 

underlying their regulatory functions in autoimmunity could be due to the rapid secretion of 

Th2 type cytokines such as IL-4 and IL-10 after activation [91]. NKT cells can also regulate 

cytotoxic T-cell responses possibly via IL-13 secretion and signaling by the IL-4R-STAT6 

pathway [92], or promoting antitumor immunity by IFN-� secretion. 

In transplantation, NKT cells are able to prevent graft-versus-host disease (GVHD) after 

allogenic bone marrow transplantation [93]. NKT cells also seem to be required for the 

induction of cardiac transplant tolerance by costimulation blockade by CD28/B7 and LFA-

1/ICAM-1 [94], where IFN-� secretion and expression of the chemokine receptor CXCR6 

were shown to be responsible for allograft acceptance [95]. Moreover, in animal models graft-

derived NKT cells play an important role in the spontaneous tolerance of orthotopic liver 

transplantation [96]. Long-term survival of corneal allografts has also been shown to be NKT 

cells dependent through their induction of Tregs.   

2.2.4.4.- �� T cells 

T cells expressing �� TCR chains represent only a small subset of around 1-10% within the 

total T cell population in human peripheral blood. �� T cells recognize antigens directly 

without any requirement for antigen processing and presentation by MHC molecules, such as 

small non-peptide molecules or either MHC class I-related chain A or B (MICA or MICB). 

While the V�2 T-cell subset predominates in peripheral blood, the other major subset, V�1 T 

cells, comprises 70-90% of the �� T cells in epithelial tissues [97]. 

�� T cells have been demonstrated to possess Treg activity in several animal models and in 

humans, including transplantation tolerance, organ immune privilege, autoimmune diseases 
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and cancer [98-100]. In a portal tolerance model, adoptive transfer of �� T cells can 

transferred unresponsiveness to allogeneic skin grafts [101] and infusion of anti-�� TCR 

monoclonal antibody into transplant recipients blocked allograft enhancement [102]. Thus, 

antigen specific oral tolerance cannot be generated in �� T cells knock-out mice [103]. 

In clinical transplantation, the number of �� T cells in the blood of kidney transplanted 

patients positively correlated with stable allograft function and negatively correlated with 

rejection [104]. In addition, a preponderance of peripheral Vd1 subset was described in liver 

allograft tolerance [105]. Finally, �� T cells also play a regulatory role in GVHD [106] and in 

antitumor immunity by suppression of T cells and DCs [107].  

The mechanism by which �� Treg cells prolong graft survival and induce tolerance is still 

unclear. �� Treg cells have been suggested to downregulate immune responses by secretion of 

Th2 cytokines, such as IL-4 and/or IL-10 or by their cytotoxic activity through FasL 

expression [108, 109]. Moreover, �� T cells may regulate the function of �� T cells and 

suppress CTL activity though the secretion of the inhibitory cytokines IL-10 and TGF-

���

��.  

2.2.4.5.- Dendritic Cells 

DCs can modulate the differentiation of naïve T cells into polarized Th cells and thus are a 

major component in the regulation of T cell responsiveness [111]. Upon maturation, DCs 

increase their expression of MHC, adhesion and co-stimulation molecules and secrete 

cytokines necessary to enhance T lymphocytes activation and generate immune responses. 

Therefore, the lack of this activation raises immature DCs which provoke less efficient 

allospecific activation in transplantation, promoting a donor-specific anergy. Immature DCs 

have been shown to induce tolerance in various experimental models [112, 113] by promoting 
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the generation of T cells with regulatory properties [80]. Therefore, the continuous acquisition 

of alloantigens from the engrafted organ by DCs could either promote or private the donor-

specific tolerance depending on their activation state [114]. 

Several mechanisms may be responsible for the peripheral tolerance induced by myeloid DCs 

(mDCs) and plasmacytoid DCs (pDCs). The suppressive functions of mDCs include induction 

of T lymphocyte anergy in the absence of co-stimulatory signals, peripheral deletion of 

reactive T cells through Fas/FasL or PD/PD-L1 interactions and the capture of apoptotic cells 

[115], followed by antigen presentation in a context where proinflammatory cytokine 

production is inhibited [116]. In addition, the synthesis of nitric oxide (NO), haemoxygenase 

(HO)-1 or indoleamine 2,3-dioxygenase (IDO) inhibits T, B and NK cell activation [117, 118] 

and through the synthesis of IL-10 and TGF-�, mDCs also induce differentiation of regulatory 

T cell [80]. 

The tolerogenic potential of pDCs was demonstrated through the administration of murine 

liver pDCs in a cardiac allograft model. These cells acquire alloantigens in the graft and after 

trafficking to peripheral lymph nodes, they induce the generation of CD4+CD25+FOXP3+ 

Tregs expressing the chemokine CCR4 [119, 120]. In human transplantation an increase in 

the frequency of pDC precursors was observed in tolerant liver transplant recipients in 

comparison to those who required immunosuppression [121]. 

2.2.4.6.- Other regulatory T-cell subsets 

CD8+CD28- regulatory T cells (CD8+ Ts) were the first suppressor cells described 30 years 

ago. CD8+ Ts play an important role in preventing experimental autoimmune 

encephalomyelitis (EAE) in mice [122]. More importantly, their presence in humans could be 

detected in renal graft patients with drug-free tolerance [123], in cardiac transplantation 
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patients without rejection [124], and in pediatric liver-intestine graft recipients with reduced 

immunosuppression [125]. These cells suppress the proliferation of T effector cells by 

inhibiting the CD40 signaling pathway of APCs, through the upregulation of 

immunoglobulin-like transcript 3 (ILT3) and ILT4 on monocytes, endothelial cells and DCs 

[126]. 

An additional subset of regulatory T cells described is the double-negative CD4-CD8-TCR��+ 

(DN) population present in animal models and in peripheral blood in humans. The DN 

regulatory cells are able to prevent allograft rejection in an antigen-specific manner [127, 

128]. These cells use FasL mediated apoptosis to kill alloreactive T cells. Thus, the 

chemokine CXCR5 expressed on DN Tregs played an important role in their homing to the 

allograft [129]. 

The induction of T-cell anergy is an important process for immunologic tolerance to self-

antigens. However, anergic T cells can actively regulate other T cells in an antigen-specific 

manner and function as suppressor cells [130]. Inhibition of CD4+ T cell proliferation and 

cytokine production by anergic T cells has been shown in human cell cultures though cell-cell 

contact dependent suppression. In addition, anergic T cells were able to effect linked 

suppression if the APCs presented simultaneously the same specific antigen as the anergic 

and the target T cells recognized [131]. By these mechanisms, anergic T cells could prolong 

skin allograft survival and prevent renal transplant rejection in animal models [132]. 
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2.3.- Allograft tolerance induction

Treatment with immunosuppressive drugs has greatly improved graft survival after solid 

organ transplantation. However, long-term results remain relatively disappointing because of 

chronic allograft dysfunction and drug-related patient morbidity and mortality. Therefore, the 

induction of specific immunological tolerance of the recipient towards the allograft remains 

an important objective in clinical transplantation research. 

2.3.1.- Mechanisms of tolerance induction

Over recent years, experimental models have shown that it is possible to exploit the 

mechanisms that normally maintain immune homeostasis and tolerance to self-antigens to 

induce tolerance to alloantigens. The regulation of the immune response and the induction of 

tolerance involve central and peripheral mechanisms. 

2.3.1.1.- Central tolerance and donor cell chimerism 

The thymus plays an important role in the maintenance of tolerance to self-antigens, and 

many experimental data support its role in the induction of sustained tolerance to alloantigens 

as well [133, 134]. The physiological process of autoreactive T-cell deletion can be exploited 

in transplantation by the delivery of donor alloantigens to the thymus prior to solid organ 

engraftment. This can be achieved by the induction of hematopoietic mixed chimerism in the 

recipient’s repertoire allowing donor APCs to migrate to the thymus and induce negative 

selection of donor-reactive T cells. Importantly, aggressive deletion of pre-existing cross-

reactive peripheral T cells that could reject the donor bone marrow must be achieved prior to 

the infusion [135-138]. 

In the clinic, a small number of highly selected patients underwent HLA-matched combined 

bone marrow and kidney transplantation from the same living donor, inducing long-term 
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acceptance of the renal allograft in the absence of ongoing immunosuppression [139-141]. A 

recent study extended these protocols to HLA-mismatched patients [142]. Interestingly, all of 

the recipients displayed only transient chimerism post-transplantation, suggesting that 

peripheral mechanisms may be involved in the long-term maintenance of transplantation 

tolerance. 

2.3.1.2.- Peripheral tolerance 

Organ transplantation entails allospecific T cells circulation, which are crucial on the 

initiation and coordination of rejection response. Peripheral tolerance encloses the 

mechanisms responsible to minimize the alloreactive effector T-cell pool outside the thymus. 

Various strategies have been explored to achieve peripheral tolerance to alloantigens in 

experimental models, and some of them have been attempted in clinical trials as well. These 

strategies are based on either: a) the interruption of specific signals required for the activation 

and differentiation of alloreactive T cells leading to depletion, anergy or apoptosis [143]; or b) 

the use of Tregs to suppress cytophatic effector immune responses. 

2.3.1.2.1.- Cell deletion 

Depletion strategies have been extensively studied in non-human primate models obtaining 

encouraging results using rabbit ATG or anti-CD3 alone [144] or in combination with 

deoxyspergualin or rapamycin [145, 146]. Subsequent clinical studies, using either anti-CD52 

antibodies or polyclonal anti-lymphocyte antibodies, confirmed that T-cell depleting 

antibodies greatly reduce conventional immunosuppressive drug requirements, although in 

most cases they do not allow for the complete discontinuation of these drugs [147-149]. 

Based on available clinical data therefore, T cell depleting antibodies are more useful to 

ensure successful minimization of conventional immunosuppressive drugs than to formally 

induce transplantation tolerance.
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2.3.1.2.2.- Co-stimulation blockade

Co-stimulation blockade is based on the paradigm that specific immune responses require two 

signals for optimal activation. In the absence of a facilitating co-stimulatory signal, antigen 

stimulation induces anergy or apoptosis. In contrast to lymphocyte-depleting protocols, 

antigen exposure combined with co-stimulation molecule inhibition, has the effect of 

eliminating cells in an antigen-specific manner [150, 151]. Although their applicability is not 

proved in humans, many experimental models in rodents and non-human primates have been 

reported tolerance induction by blocking co-stimulatory pathways employing CD154 

antibodies [152]; anti-CD25, which has not shown deleterious effects on CD4+CD25+ Tregs 

[153, 154]; or CTLA4 fusion protein, actually used as immunosuppressor in clinical renal 

transplantation [155, 156].  

2.3.1.2.3.- Targeting leukocyte trafficking

For an efficient immune response against the allograft, primed alloreactive T cells and 

accessory cells have to migrate and infiltrate the graft. Several studies using rodent models 

reported the cell trafficking interference as a promising approach of tolerance induction [157]. 

Related with these finding, the employment of sphingosine-1-phosphate (S1P) analogue [158] 

or adhesion molecules blocking such as ICAM-1 or LFA-1 [159] are in a trial phase to be 

tested as immunosuppressor agents for a clinical application.    

2.3.1.2.4.- Therapeutic infusion of Tregs

Compelling data generated in preclinical animal models indicate that the infusion of various 

regulatory cell populations can induce allospecific tolerance. In particular, 

CD4+CD25+FOXP3+ Tregs [160] and tolerogenic DCs [115] have demonstrated impressive 

experimental results. The main advantage of these strategies is the potential for antigen 

specificity with lack of general immunosuppression.  
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Successful ex vivo expansion of natural and inducible CD4+CD25+ Tregs has been achieved 

in both mice and human after stimulation in the presence of T-cell growth factors. 

Importantly, these expanded cells retain their suppressor function both in vitro and in vivo 

[161-163].  

Several strategies have been reported to induce tolerance employing tolerogenic DCs. 

Principally, exploiting their efficient cooperation with CD4+CD25+ Tregs to stimulate 

allospecific immunoregulation [120]. In addition, the infusion of immature host DCs 

previously ex-vivo pulsed with donor alloantigens prolong the graft survival in animal models 

[164]. In humans, the therapeutic potential of Tregs infusion is currently being tested in 

kidney allograft recipients.  

2.3.2.- Challenges of applying tolerance induction strategies to the clinic

The induction of transplantation tolerance, the indefinite allograft acceptance independent of 

chronic immunosuppressive therapy, remains the definite objective in clinical transplantation. 

Although promising data from animal models have been achieved, we currently lack a robust 

strategy to accomplish this goal in the clinic. Several barriers have been encountered in the 

search for a means to induce allograft tolerance in the clinic.   

2.3.2.1.- Translational research obstacles 

Although the induction of tolerance in mice was first described more than 40 years ago, the 

attempts to transfer this phenomenon to large-animals models and to the clinic have proven to 

be more challenging than initially envisioned. 

In most rodent experiments investigators have used highly inbred murine laboratory strains, 

which are: a) genetically homogeneous; b) too young and too clean and thus bearing a 

predominantly naïve T cell repertoire. This is very different from the clinical scenario, where 
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recipients are extremely heterogeneous and have a large compartment of memory 

lymphocytes (which are much more difficult to be targeted with current immunotherapeutic 

strategies). Memory T cells are less dependent on co-stimulatory signals for their activation 

and may therefore be more resistant to tolerance induction strategies than naïve T cells [165].  

There are other critical differences between clinical transplantation and experimental animal 

models. For instance, donor brain death leads to a marked inflammatory damage in the graft 

that is very difficult to mimic in experimental models. The exact histopathological lesions 

observed in human grafts are also difficult to replicate in most animal models. Finally, 

laboratory animals tolerate different doses of therapeutic reagents (usually higher), and 

exhibit a different drug toxicity profile as compared with humans. All these issues can lead to 

different outcomes when tolerance promoting strategies are tested. 

2.3.2.2.- Difficulties with the infusion of regulatory cells in the clinic 

Adoptive transfer of regulatory cells to prevent rejection and promote tolerance has many 

potential advantages as compared with conventional immunosuppressive therapies used in the 

clinic. However, there are certain challenges that still remain to be solved before such 

therapeutic cell infusions can be routinely applied in the clinic. From a practical point of 

view, it is important to take into consideration that cell isolation, expansion and reinfusion 

into patients are procedures that require quality control with good manufacturing practice 

(GMP) to ensure safety and reproducible results. In addition, an exhaustive purity control 

must be performed with the selected cells after their expansion and culture in vitro. The 

isolation of non-stable regulatory T cells or non-completely pure population could entail the 

infusion of highly activated alloreactive T cells in the recipient, potentially causing rejection.   

In terms of the possibility of using adoptively transferred Treg cells to induce tolerance, a 

significant barrier is the high precursor frequency of alloreactive T cells in the recipient, 
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which is estimated to be as high as 1-10% of the total T cell repertoire in fully allogeneic 

combinations [29]. If tolerance or rejection is in part determined by the balance between Treg 

and effector T cells [166], far more Treg may be needed to induce tolerance to alloantigens 

than to autoantigens. For this reason, at the moment the use of Treg-mediated tolerance seems 

to be more plausible to treat autoimmunity than to induce tolerance or prevent rejection in 

organ transplantation.  

A second insight concerns the potential interplay between the adoptively transferred Tregs 

and the immunosuppressive drugs conventionally used in the clinic. For an effective adoptive 

Treg therapy it is crucial reduce the alloreactive T cell pool first (which requires the use of 

some sort of pharmacological immunosuppressive strategy) and then start the enhancement of 

Tregs. Consequently, a careful selection of the type and the timing of the immunosuppressive 

treatment employed is critical in order not to affect the function of Tregs, because different 

effects are related in the Tregs function depending of the therapy. While high doses of 

calcineurin inhibitors have shown abrogates Tregs development [167, 168], the treatment with 

rapamycin could specifically deplete alloreactive T cells whereas preserve Treg [169]. 

2.3.2.3.- Viral infection and memory immune responses  

There are multiple mechanisms by which viral infections may modify tolerance induction and 

allograft survival. Virus-specific CD4+ T cells facilitate the maturation of virus-presenting 

APCs via CD154-CD40 interactions. Consequently, the APC is stimulated to upregulate co-

stimulatory molecules, as well as to secrete proinflammatory cytokines. Allospecific T cells 

that have encountered cognate alloantigens can be activated in this inflammatory milieu even 

if they do not cross-react with viral antigens. This process is referred to as bystander 

activation [170, 171].  
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Furthermore, viral infections can modulate regulatory mechanisms [172]. Release of 

inflammatory cytokines by virus-infected cells can prevent the differentiation of uncommitted 

naive CD4+ T cells into Tregs. Even in the presence of TGF-β, the existence of 

proinflammatory cytokines such as IL-6, and perhaps IL-21, naive T cells can turn into 

effector T cells such as the IL-17-producing Th17 cells [173]. Therefore, virus infection may 

precipitate allograft rejection by preventing the generation of Tregs following costimulation 

blockade and instead favor development of proinflammatory effector T cells. 

Virus infection may also lead to the generation of virus-specific T cells that can cross-react 

with alloantigens. This phenomenon is known as heterologous immunity and is considered to 

be a major barrier in the induction of tolerance [174-176]. Although the frequency of naïve T 

cells available to respond to any given pathogen is relatively small, the proportion that can 

directly recognize foreign MHC represents a substantial fraction of up to 1-10% of the total 

T-cell repertoire. Therefore, it is not surprising that a proportion of T cells with TCRs that 

recognize alloantigens may arise as a result of viral infection that induces virus-specific T 

cells that cross-react with allo-MHC [177-179]. Activation of these T cells together with the 

pre-existing pool of memory T cells in the adult human recipient may result in the recognition 

of MHC molecules found on donor tissues, such as the endothelium of transplanted organs, 

precipitating allograft rejection.  

2.3.2.4.- Ethical conflicts 

Nowadays in most clinical centers short and mid-term graft survival are excellent. These good 

results provide little impulse and some ethical concerns for the evaluation of new tolerance-

promoting strategies. Additionally, the envisioned short-term use of therapeutic regimens in 

tolerance-inducing protocols, and the fact that as compared to other fields the number of 
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patients that receive transplants is small, do not encourage pharmaceutical and/or 

biotechnology companies to develop and test new strategies to promote tolerance in the clinic.  

So far, the only strategy to unambiguously demonstrate the feasibility of purposely inducing 

tolerance in HLA-mismatched situations in the clinic is the use of donor bone marrow 

infusion to induce mixed chimerism and promote tolerance to kidney allografts. 

Unfortunately, the conditioning regimen required to promote this outcome is very aggressive 

and only applicable to selected recipients. The risk inherent to this approach is difficult to 

justify for most clinicians, and clearly cannot compete in terms of safety and efficacy with 

currently employed conventional immunosuppressive strategies. Given the limitations and 

constrains of this field, there is an urgent need to identify convincing biomarkers and/or 

predictive assays of tolerance to determine who can benefit from tolerant-promoting protocols 

and when has tolerance been achieved. These biomarkers will only be obtained if existing and 

new clinical trials are accompanied by robust assays to monitor clinical tolerance and its 

underlying mechanisms. Without such assays, the only measure of success is graft survival 

and other endpoints are ethically difficult to justify, because it is hard to withdraw drugs from 

patients who are doing well on current immunosuppressive regimens unless there is a good 

reason to believe that drug withdrawal will be successful. 
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3.1.- The liver immune response

The liver exhibits a distinctive and unique form of immune behavior not comparable with any 

other organ. This immune microenvironment is a consequence of the liver’s particular cell 

composition and physiology, which are especially organized to carry out its functions, but 

also to regulate immunological effects.  

The liver is continuously exposed to food-derived and microbial antigens from the intestine 

and displays barrier functions towards environmental antigens. The constitutive presence, 

under normal conditions, of this huge quantity of non-self molecules in the liver imposes a 

conditional immunological response, resulting in a distinctive set of immune mechanisms to 

maintain tolerance to harmless antigens and deliver an active immunity to infections. 

Consequently, the regulatory mechanisms responsible to avoid the overactivation of the 

immune system also could entail the creation of a window of vulnerability for well-adapted 

pathogens, such as malaria parasite, hepatitis C virus (HCV), and malignant cells, as well as 

the possible contribution to the state of tolerance in liver transplantation. 

The hepatic immune response, which seems to favor immune tolerance, is characterized by a 

local concentration of overlapping innate immune mechanisms, together with an unusual 

number of cell types capable to act as APCs and a particular pool of intrahepatic lymphocytes. 

In addition, the liver could act as a secondary lymphoid organ by priming circulating T cells 

and mediating the systemic and local immune activation or regulation. 

3.1.1.- Liver physiology

The liver is the largest organ in the adult body and, in addition to its central metabolic 

function, it makes an important contribution to host defense by synthesizing several defensive 

molecules, including complement components and clotting factors. Importantly, the exclusive 
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physiology and anatomy of the liver, and especially its vasculature, determine the particular 

immunological characteristics of this organ, which promote the constant interaction between 

self and non-self antigens with the immune system in its highly specific microenvironment.  

The liver is morphologically localized between the gastrointestinal tract and the systemic 

circulation. Blood from the intestines, which is rich in food antigens, environmental toxins 

and bacterial products, such as lipopolysaccharide (LPS) endotoxine, is collected in the 

hepatic portal vein; additionally, the oxygenated blood from the systemic circulation is 

delivered to the liver via the hepatic artery. These two blood supplies are mixed in the hepatic 

sinusoids, where they flow at low velocity. Liver sinusoids are lined with a specialized type of 

endothelial cell layer composed of liver sinusoidal endothelial cells (LSECs) that lack 

basement membranes but are equipped with fenestrations. Blood plasma, lymphocytes and 

DCs pass from the sinusoids into a sub-endothelial space, known as the space of Disse. From 

there, the lymph is collected and flows through lymphatic vessels to the draining lymph 

nodes.  

This organization allows the liver to carry out its functions of digestion, detoxification and 

synthesis of plasma proteins. In addition, the combination of the permeable endothelium and 

the slow blood flow distinguishes the hepatic sinusoids from other vascular organs. 

Importantly, it provides circulating T cells a greatest access to the different hepatic cells types 

and facilitates their interaction. 

3.1.2.- Liver immune cells 

The hepatic immune environment is formed by a particular composition of cells, which 

promote the special immune properties of the liver. Complex repertoires of lymphoid and 

non-lymphoid cells are fundamental to hepatic defense and immunoregulation. Intrahepatic 
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lymphocytes are distinct both in phenotype and function from their counterparts in any other 

organ, which are characterized by an enrichment of activated and memory T cells. However, 

the innate immune system seems to be predominant in the liver immune response. 

3.1.2.1.- Innate immunity in the liver 

The liver serves as a physical barrier responsible for filtration of potentially harmful antigens 

reaching the body via the gastrointestinal tract to the systemic circulation. In addition, its 

constant exposure to recirculating blood increases exposure to blood pathogens and 

metastasizing cells. Therefore, this organ is particularly enriched in complex repertoires of 

immune cells capable of mediating effective surveillance and defense. Besides, all the acute 

phase proteins, most of the complement components and the majority of circulating growth 

factors and cytokines are synthesized in the liver. 

The special immune scenario of the liver confers the innate immune cells a particular 

behavior not shared in other organs. Many cells of the innate immune system express LPS 

receptors, which consist of TLR4 together with the CD14 and MD2 molecules. Although 

these cells effectively remove endotoxine, engagement of these receptors on most cell types 

usually delivers a strong activating signal, something that not happens in the liver, where the 

continuously presentation of low levels of LPS to these receptors produces an altered 

unresponsiveness to these signal pathways.  

Furthermore, in addition to LPS, the PRRs in the liver also sense the presence of other 

immune stimuli through TLRs, cytoplasmic nucleotide-binding oligomerization domain 

(NOD)-like receptors, and RNA helicases such as retinoid acid inducible protein-I (RIG-I) 

[180]. The activation of these receptors by continuous presence of bacterial products or by 

viral infection converges on two signaling pathways, the NF-B activation and nuclear 
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localization of IFN regulatory factor 3 (IRF-3). The permanent low level stimulation of these 

pathways is one of the distinctive features of the liver environment and entails the hepatic 

immunity to favor immunological tolerance rather than immunity.  

Innate lymphoid cells dominate in human liver, especially those that express NK receptors. 

NK cells are present at higher frequency in the liver than in most tissues, constituting as many 

as 50% of liver lymphocytes [181]. These NK cells in the liver share similar activation and 

response mechanisms as elsewhere, including reaction after cytokine activation and 

engagement of membrane receptors. Once activated, they manifest their function through 

cytokine secretion and cytotoxicity. Although NK cells in the healthy human liver display 

surface markers indicating a high degree of activation, low amounts of activating receptors 

are expressed constitutively. However, liver NK cells are induced to synthesize IFN-� in 

response to IL-12 and to execute perforin-dependent cytoxicity in response to IL-18 produced 

by hepatic APCs. Thus, the activating receptors can raise after diverse circumstances, such as 

NKG2D, which ligands include MICA and MICB, could lead in hepatocellular carcinoma 

[182].  

The liver lymphocytes also contain an unusually high frequency of NKT cells. After their 

thymic generation, these cells can patrol the hepatic sinusoids due to their endogenous 

CXCR6 receptor [183] and through the expression of invariant TCR that binds to CD1d 

complexes and other ligands recognizing bacterial antigens. The liver NKT cell response, like 

other T cell and NK cell responses depends on resident APCs for signaling and activation. 

NKT cells are capable of producing both pro- and anti-inflammatory cytokines when 

activated, such as IFN-� and IL-4 respectively [184]. Besides, just like NK cells, they exert 

both perforin and Fas-ligand dependent cytotoxic activities [185].     
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The frequency of �� T cells in the liver is similar to peripheral circulation, representing a 

minor population, approximately 3-5% of total liver cells and 15-25% of hepatic T cells. A 

high proportion of human hepatic �� T cells are V�3, a subgroup that has not been described 

elsewhere in the body [186]. Interestingly, the percentage of �� T cells increases in hepatic 

sinusoids and in periphery during HCV [187] and malaria [188] infections. �� T cells and they 

have also been shown to have a role in bacterial liver infections as a source of IL-17 [189]. 

However, it is not known by exactly which mechanisms they participate in maintaining liver 

homeostasis as a bridge between innate and adaptive immune responses and the role they play 

in liver pathologies. 

3.1.2.2.- Hepatic APCs  

Multiple cell populations can act as APCs in the liver distinguished by their location, specific 

antigen responsiveness, T cell activation abilities, and cytokine secretion profile. The DCs, 

the only professional APCs on a systemic level, are not the only population that harbors the 

capacity to engage T cells in the liver. There are specialized APCs which are found 

restrictively in the liver.  

Hepatic DCs, which contain mDCs and pDCs, seem to have a role in determining the balance 

between liver tolerance and immunity. They appear to be important in the establishment of 

oral and portal tolerance and in the pathogenesis of infectious and autoimmune liver diseases 

[190, 191]. Hepatic DCs are comparably less immunogenic than DCs found in other tissues 

due to an immature phenotype which is characterized by the lack of constitutive expression of 

costimulatory molecules. Nevertheless, they are capable of producing higher amounts of 

cytokines and carry out more phagocytosis than their counterparts in other classical lymphoid 

organs [192]. The pDCs are a major source of IFN-�, consistent with the importance of innate 
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immune mechanisms in the liver. In addition pDCs synthesize both IL-10 and IL-12, but 

harbor reduced capacity to activate allogenic T cells compared to splenic DCs [193]. 

The liver also contains a large macrophage population, the so called Kupffer cells, which, in 

addition to their phagocytic role, express MHC and co-stimulatory molecules, rendering them 

as potential APCs. Kupffer cells might mediate immunosuppression through their synthesis of 

nitric oxide and respond to TLR4 ligation by secreting IL-10 and TGF-�1 [194]. In addition, 

Kupffer cells can express FasL, thereby inducing apoptosis of alloreactive CD4+ T cells [195]. 

However, their capacity to induce T cell activation or inhibition could depend on the 

interactions with other liver cells, such as NK cells [196]. 

The liver sinusoidal endothelial cells are unusual in several aspects upon comparison to other 

endothelial cells. The LSECs respond to LPS via TLR4 and can acquire circulating proteins 

via scavenger receptors. They also express MHC class I and class II and co-stimulatory 

molecules including CD40, CD80 and CD86, conferring them characteristic of activated 

APCs [197]. LSECs might present multiple adhesion molecules, such as ICAM-1 or VCAM-

1, implicated in T cell retention in the liver sinusoids. Antigens presented by LSECs to naïve 

T cells fail to develop a Th1 phenotype and induce IL-4 and IL-10 cytokine production 

characteristic of Th2 and regulatory T cells [198, 199]. 

The hepatic stellate cells (HSCs) reside in the subendothelial space of Disse and regulate the 

hepatic sinusoidal blood flow. Together with the potential to respond to innate immune 

signals through their expression of TLR4, CD14 and MD2 [200], the HSCs have been shown 

to present lipid antigens to NKT cells in a CD1d-restricted manner. Also, they can enhance 

the proliferation of NKT cells by IL-15 release and present antigen using MHC class I and 

class II to naïve T cells [201]. Although, among the numerous APCs of the liver, HSCs seem 

to be the only one primarily promoting immunity over tolerance. It is conceivable that they 
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may also exhibit tolerogenic function through converting CD4 T cells to Tregs by vitamin A 

derived retinoic acid and TGF-� secretion [202] or expression of the negative co-stimulator 

PD-L1 [203].    

3.1.2.3.- Adaptive immunity in the liver 

Adaptive immune cells resident to the liver differs phenotypically, functionally and perhaps 

even developmentally from those populations in the blood [204]. The predominance of CD8 T 

cells above CD4 T cells in human liver is the opposite of what is found in conventional 

lymphoid organs and in the blood. The percentage of activated and memory lymphocytes is 

much higher while naïve and resting T cells, as well as B lymphocytes are underrepresented 

in the liver [205].  

Although the common immune activity in a healthy liver is mediated primarily by the innate 

immune system, the adaptive immunity, plays an important role during the resolution of viral 

and bacterial infections by incrementing the activation and the number of T cells. These cells 

are distributed through the sinusoidal spaces and also organized in small lymphoid aggregates 

in the portal tracts [206]. Th1 cells, primarily responsible for the initiation of cellular immune 

responses against intracellular pathogens, secrete IFN-� in response to IL-12. Th2 cells are 

mainly responsible for the activation of humoral immune responses by stimulation of B cells 

and additionally they are responsible for the recruitment of eosinophils and granulocytes 

[207]. 

Among the intrahepatic lymphocytes Th17 cells have been shown to increase in number and 

to upregulate the secretion of characteristic cytokines in blood and liver tissue of patients 

suffering from primary biliary cirrhosis and bacterial infection [189, 208]. Furthermore, Tregs 

are detectable in the liver although there are fewer than in lymph nodes or in the spleen. 
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However, upon the appearance of locally or peripherally activated CD8 T cells, the liver is 

capable of increasing the number of natural Tregs rapidly [209]. The frequency of natural 

Tregs has been shown to play a role in the liver immune response favoring tolerance or 

immunity against self or non-self antigens [210]. 

3.1.3.- T cell priming

The distinctive architecture of the hepatic sinusoids permits circulating T cells to interact 

directly with underlying hepatocytes and other APCs, conferring the concept that the liver is a 

secondary lymphoid organ capable to act as a site of primary T-cell activation. The presence 

of all these distinct subsets of APCs in the liver increases the complexity of understanding 

which one is the main APC responsible of T-cell activation or inhibition. Besides this, also 

hepatocytes themselves could act as primary APCs in the priming of T cells [211-213]. In 

addition to examining diverse APCs resident in the sinusoids, the antigens that are expressed 

in the liver might be taken up by immature DCs, and might then be presented to CD4 and 

CD8 T cells, either in lymphoid tissue aggregates in the portal tracts or in secondary lymphoid 

tissues [214]. 

The outcome of antigen recognition in the liver, depending on resident cell and cytokine 

composition, could be full T-cell activation, immune deviation leading to the differentiation 

of T cells to a suppressive or regulatory phenotype, or abortive activation leading to T-cell 

apoptosis. However, the predominantly immunosuppressive milieu of the liver entails 

tolerance against the antigens presented by hepatic myeloid cells. This presentation might 

lead to the elimination of CD4 cells secreting IFN-� and the positive selection of IL-4, IL-10 

and TGF-� secreting/producing helper cells, as well as the induction of compromised CD8 T 

cells.  
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Furthermore, circulating neutrophils and cytotoxic T cells that have been activated are 

attracted to the liver in an antigen-independent manner to die in a high rate by apoptosis 

[215]. Sequestration of distinct repertoires of innate lymphoid and myeloid cells in the liver 

during viral inflammation is accomplished by the upregulated expression of an extensive 

panel of T-cell interaction molecules, including ICAM1, MHC class II, VCAM1, co-

stimulatory molecules of the B7 family and FAS [216-218]. However, under normal 

conditions, liver cells also constitutively express several adhesion molecules, which could be 

induced by the constant infusion of LPS from the intestines [219, 220]. The expression of 

these molecules might modify cell trafficking, priming and the induction of tolerance in the 

liver.  

 

3.2.- Hepatic immune tolerance

The special physiologic features of the liver determine their singular mechanisms of immune 

surveillance. While the innate and adaptive immune systems have to preserve their 

immunoreactivity against dangerous pathogens that infiltrate the liver, the constant immune 

activation for the presence of non-self antigens must be thwarted to avoid possible chronic 

tissue damage. This unique dualistic immunogenicity balanced to avoid the overactivation of 

the immune system against alloantigens confers the hepatic immune tolerance. 

The hepatic tolerogenic mechanisms favor that the allogenic liver graft is the most readily 

accepted transplanted organ, in some species even across full MHC barriers and often without 

or after withdrawal of immunosuppressive therapies [221]. Furthermore, hepatic tolerance 

may not only function locally in the liver, but also systemically. Indeed, liver allograft can 

facilitate the acceptance of other non-hepatic allografts from the same donor [222]. In 

addition, the effect of oral tolerance which is induced by oral administration of antigen, seems 
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to be at least in part facilitated by the liver [223]. However, hepatic tolerance may also cause 

clinical problems: the development of chronic infections disease such as hepatitis B or C or 

malaria, where either the virus or the parasite persists despite the development of an immune 

response. Besides, several tumors or metastasize in the liver which evade the immune 

surveillance could be related to the tolerogenic properties of the liver. The complete 

understanding of these mechanisms would help to develop specific immune therapies either to 

augment or break the tolerance.     

3.2.1.- Liver transplantation tolerance

Liver transplantation constitutes the best clinical proof-of-principle for hepatic immune 

tolerance and the bias toward immunoregulation when T cells encounter antigens in the liver. 

The indefinite survival of liver allografts in absence of immunosuppressive treatment can be 

achieved in pigs [222], rats [224] and mice [225]. In addition, the recipients can accept organs 

from the same donor but not from third-party, demonstrating a complete donor-specific 

tolerance state [226]. In the clinical experience, liver allografts report lower susceptibility to 

rejection in comparison to other organs. Besides, they are associated with the capacity to 

resist poor HLA matching, ABO incompatibility and positive cross-matches; together with 

lower requirements of immunosuppression treatment. Although complete immunosuppressive 

therapy withdrawal has been rarely performed, increasing data from accumulated experiences 

proves that this strategy is achievable in 20-25% of liver transplant recipients [Table 1]. These 

patients are therefore considered as operationally tolerant, while several explanations have 

been considered to explain this tolerogenic property of the liver, further research is needed to 

better understand the mechanisms responsible for this immunological unresponsiveness.  

. 
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Table 1: Reported cases of complete elective immunosuppression withdrawal in 
liver transplantation  

 

3.2.1.1.- Tolerance induced by donor passenger leukocytes 

Solid organ transplants consist of tissue cells and non-parenchymal cells that include 

hematopoietic stem cells and passenger leukocytes. Donor cells including DCs, T cells, and B 

cells are often found within secondary lymphoid tissues after liver transplantation [227, 228]. 

Thus, hematopoietic stem cells might home to the recipient bone marrow, where they could 

give rise to donor-derived populations including DCs and T cells [229]. 

The tolerogenic properties of donor leukocytes were confirmed in several transplant models. 

Depletion of donor leukocytes by irradiation before liver transplantation was able to break 

spontaneous liver tolerance [230]. Besides, adoptive transfer of donor splenocytes at the time 

of transplantation was able to prolong allograft survival [231]. These observations led to the 

conclusion that liver tolerance could be the consequence of an active process mediated by 

donor leukocytes in recipient lymphoid tissues. Such leukocytes could induce an 

inappropriate activation of host T cells that eventually resulted in death by neglect related to 

an insufficient supply of survival cytokines [232].  

Publication year Author Patients number Successful weaning % Rejection % Graft lost %

1997 Mazariegos 95 19 26/0 0 
1998 Devlin 18 16,7 28/5,6 5,6 

2001 Takatsuki 26 23,8 12/0 0 

2005 Eason 18 5,6 61/0 0 

2005 Tryphonopoulos 104 19 67/1,9 0,96 

2006 Tisone 34 23,4 76,4/0 0 

2007 Assy 26 8 58/0 0 

2008 Pons 12 42 58/0 0 

Total Numbers 333 18,9 0,6
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The persistence of donor hematopoietic cells in the recipient following transplantation is 

known as chimerism. This phenomenon is often observed at low frequency (less than 1%) in 

long-term surviving liver transplant patients [133, 233]. Several animal models suggests that 

this “microchimerism” is required to maintain tolerance through deletion of alloreactive host 

T cells [234]. However, in human liver transplantation, microchimerism neither correlates 

with the integrity state of the graft nor identifies patients suitable for successful weaning of 

immunosuppression [235, 236]. Therefore, donor cell chimerism could be the consequence 

instead of the cause of hepatic immune tolerance [237].  

3.2.1.2.- Tolerance induced by liver tissue 

Although donor passenger leukocytes could be involved in liver transplantation tolerance, the 

liver parenchymal tissue seems to be necessary to the final acceptance of the graft [238]. The 

liver tissue, composed of parenchymal and endothelial cells, is able to induce hepatic 

tolerance through actively neutralizing both naïve and activated/effector allogenic T cell 

compartments. 

The atypical hepatic architecture allows intimate contact between naïve circulating 

lymphocytes and a variety of liver cells providing the ability to act as a site of primary 

activation of naïve T cells [239]. The infiltration of allospecific T cells into the transplanted 

liver and their activation by resident Kupffer cells, LSECs, HSC and also hepatocytes evokes 

T-cell anergy or deletion owing their immunosuppressive co-signals such as secretion of IL-

10 and TGF-� [199, 212, 240].    

Additionally to the hepatic property to trap naïve T cells, the liver accumulates numerous T 

cells activated in the periphery undergoing apoptosis. This T cell immunoregulation displayed 
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by liver cells led to the conclusion that parenchymal cells presenting apoptotic signals such as 

FasL, TRAIL or PD-L1 are implicated in the liver allograft tolerance [241-243]. 

3.2.1.3.- Tolerance induced by regulatory cells 

The total number of DCs in a normal liver is higher than in other solid organs. However, the 

hepatic DCs are immature and are less immunogenic than splenic DCs. This situation links to 

the important role of DCs in the induction and maintenance of hepatic tolerance on a local and 

peripheral level [115]. Hepatic DCs express low levels of MHC class II and costimulatory 

molecules, which fits with their poor allostimulatory ability. Thus, hepatic DCs also secrete 

IL-10 [244], which adds to the hepatic environment rich in TGF-�� thereby inhibiting T-cell 

expansion and inducing delayed T cell apoptosis. Moreover, they might participate in the 

generation of Treg population [245]. 

Hepatic DCs also could participate in the induction of allograft tolerance in peripheral 

immune tissues. A variant of the microchimerism model suggests that DCs derived from 

donor hematopoietic stem cells emigrate to the thymus and serve for central deletion of 

recipient T cells specifically reactive against the donor [246, 247]. In addition, migration of 

tolerogenic hepatic DCs into secondary lymphoid tissues could induce apoptosis of 

alloreactive T cells and promote the development of Tregs.     

An active regulation by suppressor T cells could also explain the tolerance mediated by the 

liver [51]. However, the impact of liver transplantation on Tregs is controversial. In a animal 

models, it has been shown that the number of CD4+CD25+FOXP3+CTLA4+ Tregs increases 

after liver transplantation [248]. The depletion of these cells using anti-CD25 antibodies 

caused acute rejection of the graft [249]. Additionally, the adoptive transfer of splenocytes 

from a recipient rat bearing a donor liver into another recipient rat resulted in prolonged 
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survival of normally rejected allografts [250]. Conversely, after human liver transplantation 

the overall frequency of Tregs in the circulation is reduced, probably a consequence of 

immunosuppressive therapy. Indeed, among these cells, the biggest part express high amounts 

of CD127 [251], consequently, it is hard to assume that this cells subset could induce 

tolerance. Considering the effect on Treg numbers and activity mediated by 

immunosuppression, further approaches need to be investigated before correlating data from 

animal models to clinical transplantation. 

3.2.2.- Immune evasion in hepatic infections

The balanced immune response of the liver promoting tolerance can be exploited in 

transplantation to confer allogenic acceptance, but similarly, various hepatic infections can 

take the advantage of this lack of effective immunity to evade the innate and the adaptive 

responses. While the immune system is competent to eliminate hepatitis A virus (HAV) 

infection, a state of persistent infection is a common outcome in hepatitis B virus (HBV) and 

the usual outcome in HCV infection. The mechanisms leading to the fail of liver immune 

responses in the defense of these well-adapted pathogens are not completely understood.  

Many escape mechanisms have been described in chronic HCV infection resulting in evasion 

of the host immune response. During HCV infection antigen specific CD8+ T cells, which 

play a critical role in the clearance of many viral infections, frequently display an exhausted 

phenotype, which is characterized by low levels of CD127 and high levels of inhibitory 

receptor PD-1 [252]. In addition, the liver seems to be a preferential site for inhibiting PD-

1/PD-L1 interaction, because PD-L1 is expressed on several liver cell types [253]. CD8+ T 

cells with exhausted phenotype are neither able to secrete IFN-� nor to produce IL-2, 

comparable to in human immunodeficiency virus (HIV) infection [254].  
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Another unusual feature of the liver and especially during chronic HCV infection is the high 

level of the immunosuppressive IL-10, secreted by LSECs, Kupffer cells, liver pDCs and also 

CD4+ T cells [255]. Under conditions of chronic activation, IL-10 synthesis predominates 

resulting in limited tissue injury. Additionally, the continuous presence of low levels of LPS 

in the liver may emulate chronic inflammation, evoking IL-10 production as a regulatory 

response.  

Furthermore, chronic HCV in humans may be associated with very weak or absent CD4+ T 

cell responses, making these cells incapable to act as T helper cells. This state termed 

“helpless” could be linked with the low CD8+ T-cell activation during infection [256]. The 

liver’s promotion of CD8+ T-cell helplessness can be explained by the incomplete intrahepatic 

T-cell priming, resulting in poor function, in comparison to lymph node priming [257].            
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       4.- MONITORING OF ALLOGENIC IMMUNERESPONSES
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4.1.- Monitoring assays in transplantation

The development of consistent in vitro assays that could allow for the quantification and 

characterization of anti-donor alloimmune responses has been promoted efficiently in clinical 

transplantation. Such an assay could be applied to predict specific presensitization to the 

transplanted tissue and to identify rejection without the need of more invasive tests. The 

recent progress in the understanding of transplantation biology in combination with advanced 

monitoring analysis to describe the immunologic response might be used to identify allogenic 

tolerance as well as to predict rejection. 

The potential information obtained from these monitoring assays could also provide a better 

understanding of the mechanisms underlying the generation of tolerance and rejection in 

clinical transplantation. A reliable index of the immune status based on biomarkers could 

allow for customization of the prescription of immunosuppressive drugs and would permit the 

partial or complete withdrawn of immunosuppressors. Furthermore, such a test would 

ameliorate the evaluation of tolerance induction strategies and open the door to new and better 

therapeutic targets. 

The ideal test of immunologic biomarkers would be a fast simple, highly reproducible, and 

inexpensive assay that requires noninvasively obtained samples, such as blood or urine, which 

predicts clinical outcome with notable specificity. Although the use of peripheral blood in 

clinical transplantation does not necessarily reflect the situation inside the graft, several 

studies indicated a correlation, supporting the desire for reduced biopsy frequency in the 

clinical follow up of the patients.  

Each particular monitoring assay analyzes the immune response in a different biological level. 

Considering the complexity of transplantation allogenic response, the combination of several 

tests would provide a better immune characterization. In addition, despite the constant 
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improvements in clinical biomarker monitoring, several obstacles remain to be solved. The 

intra- and inter-laboratory hindrance of reproducibility is a constant factor, circumventing 

broad applications and pinpointing the need for robust controls. Further limitations will be 

hardly solved, such as the availability of donor antigens and the individualized effects of the 

immunosuppression agents in the monitoring assay.   

4.2.- Immune monitoring assays

The immunologic analysis currently used to monitoring the cellular alloresponse in 

transplantation can be divided into antigen specific and antigen non-specific assays. Their 

different employment depends on the availability of donor antigens. 

4.2.1.- Antigen specific assays

The application of HLA typing techniques has improved the clinical results both for long-

term and early post-transplant acute rejection, especially in renal transplantation [258, 259]. 

However, several strategies to monitoring the allospecific response against the donor before 

and after the transplantation have been shown to be more powerful tools to predict rejection.   

4.2.1.1.- Mixed lymphocyte reaction 

Antigen specific methods generally require in-vitro stimulation known as mixed lymphocyte 

reaction (MLR), where responder cells from the recipient react against donor through the 

direct allorecognition of intact donor MHC antigens or, as a control, against third party cells. 

Different strategies are employed for several assays to quantify and qualify the donor 

response.  
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The limiting dilution assay (LDA) has become a standard experimental tool for the evaluation 

of the alloresponse. Therefore, receptor cells such as unselected peripheral blood lymphocytes 

or purified T-cell subpopulations are co-cultured with donor stimulator cells in multiple 

replicates of graded dilutions. LDAs have been shown to be specific and reproducible as a 

means of measuring alloreactivity [260]. Different effector responses can be investigated, 

including alloreactive T-cell proliferation through tritiated (3H) thymidine incorporation as 

well as the production of different cytokines. 

The analysis of cytokine production may help to dissect the roles of mechanisms participating 

in the reaction between the donor and the receptor. Their detection could be done by enzyme 

linked immunoabsorvent assay (ELISA) or through flow cytometry of intracellular or secreted 

cytokines. Studying the kinetics of Th1 and Th2 cytokines can predict a subsequent rejection 

or state of tolerance [261, 262]. 

In addition, the carboxyfluorescein succinimidyl ester (CFSE) staining, an intracellular 

fluorescent label, that in each division is dispersed to the daughter cells, resulting in halved 

fluorescence intensity, can accurately distinguish the proliferating cells activated by the 

alloreactive T-cell response [29, 263]. The advantage of this method is that different 

phenotypically defined subsets of cells can be studied simultaneously; including regulatory T 

cells, evading analysis by cytokine profiling. 

4.2.1.2.- Enzyme-linked immunospot 

The cytokine-specific enzyme-linked immunospot (ELISPOT) assay detects and quantifies 

single cytokine producing cells after stimulation either in a MLR, adding alloantigens or 

unspecific mitogens. The secreted cytokines are detected by specific monoclonal antibodies 

coated to a microfilter plate and revealed by the generation of discrete spots, reflecting the 

number of cells with cytokine secretion. The benefit of this assay over the LDA is that results 
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are not dependent on clonal expansion, excluding one potential variable. An additional 

advantage is the possibility to also detect donor antigens presented by the indirect pathway. In 

clinic transplantation, this assay has been used to identify the presence of donor-specific T 

cells in patients prior to surgery [198, 199], and additionally after the engraftment to monitor 

allospecific responses in tolerant patients [264-266].

4.2.1.3.- Trans vivo DTH 

The trans vivo delayed-type hypersensitivity (DTH) assay consists of the injection of human 

peripheral blood mononuclear cells (PBMCs) from the recipient together with donor antigens 

into the footpad of mice. The magnitude of the resultant swelling upon comparison of 

allospecific responses with third party and saline controls is taken as an index of 

alloreactivity. The DTH assay also detects the presence of donor reactive T cells primed 

through the direct or indirect allorecognition, together with the property to recognize 

regulatory signals through neutralizing them by cytokine antibodies [267].   

4.2.1.4.- Direct antigen detection 

The presence of preformed anti-HLA antibodies in the recipient’s serum has been recognized 

as a prominent risk factor associated with rejection or graft loss [268]. Recent methodology 

improvement using ELISA or flow cytometry assays facilitated the patients screening on 

transplant waiting lists to provide an estimated degree of graft allosensibility. No studies have 

systematically examined tolerant transplant recipients for the presence of antidonor 

antibodies. However, it would be predictable that the presence of allospecific antibodies 

would not display tolerance. 

In addition, tetramer staining assays consisting of four defined MHC-peptide complexes 

labeled with a fluorochrome can detect donor reactive cells without allospecific stimulation. 
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These complexes have the ability to detect TCRs reactive to specific immune dominant 

MHC/peptide complexes. Although this technique has been particularly helpful to monitor 

antiviral immunity [269], it seems impractical to develop large number of tetramers capable to 

recognize alloreactive T cells as a biomarker. 

4.2.2.- Antigen non-specific assays

The immunological assays based on the monitoring of recipient responses against donor 

specific antigens represent the ideal strategy to identify a tolerance or rejection state. 

However, the technical complexity of some of these assays and mainly, the limitations related 

to the availability of donor cells, have led to the development of alternative approaches to 

determine the recipient’s immune status through antigen non-specific assays, either by their 

surface marker phenotype or by identifying a pattern associated with this particular clinical 

status. 

4.2.2.1.- Polyclonal T cell response 

This assay was ideated to monitor cell-mediated immunity in transplanted patients to reflect 

their global state of immunosuppression and thereby facilitate decisions of 

immunosuppression dosing. The commercial assay ImmunKnow is used regularly in clinical 

practice to measure the ATP production of CD4+ T cells by luminescence following in-vitro 

stimulation of peripheral whole blood with mitogens. Although this methodology could be 

useful to identify over-immunosuppression correlating with the risk of opportunistic 

infections as well as to detect high immune function to avoid a possible rejection, its 

application in tolerance monitoring requires greater knowledge of the graft acceptance 

mechanisms. 
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4.2.2.2.- TCR repertoire characterization 

The T cell receptor landscape (TcLand) analysis combines the analysis of the length 

distribution of the highly polymorphic CRD3 region with the quantification of each V� 

family mRNA in a T cell pool. This assay allows the identification of preferential expansion 

or repression of individual T-cell clones. The TCR repertoire perturbation could represent a 

specific response to donor antigens and it could contribute to the development of a fingerprint 

of tolerance or rejection depending on which cells are clonally altered. This assay has been 

shown to be useful to differentiate between tolerant recipients of renal allografts and stable 

patients receiving conventional immunosuppression [270]. However, the major drawback of 

this method is the lack of donor specificity and the possible interference with the clonal 

expansion due to infection.   

4.2.2.3.- Flow cytometric phenotyping 

The use of flow cytometry for the analysis of PBMCs employing monoclonal antibodies has 

been demonstrated to be a fast, easy and reproducible method for the phenotyping of large 

numbers of different cell subsets. The quantification and characterization of regulatory and 

effector cells in peripheral blood provides valuable information about the immunologic 

activity in transplanted patients. For example, monitoring of the different DC subsets in 

tolerant liver transplant recipients revealed an increase in the relative frequency of 

plasmacytoid DC precursors and their ratio with respect to monocytoid DC [121, 271].  

Moreover, consistent with the role of regulatory cells in transplantation tolerance, an 

increased frequency of CD4+CD25high T cells in the peripheral blood was observed in tolerant 

children after living-donor liver transplantation. Additionally, an increase of B cells, an 

enhanced ratio of V�1/V�2 TCRs and decreased rates of NK and NKT cells was described 

[105]. Furthermore, a population of Tregs expressing CD8+CD28+ phenotype has also been 
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reported to be associated with a low incidence of rejection and augmented success in weaning 

of the immunosuppression in kidney and liver transplant patients [272]. 

4.2.2.4.- Gene expression analysis 

Assays for the quantification of gene expression reveal associations between the expression of 

certain genes and the nature of the recipient’s anti-donor immune response. Gene expression 

profiling has been applied to graft tissue, peripheral blood cells and urinary cell RNA to 

predict the outcome after organ transplantation. This led to the establishment of a “molecular 

fingerprint” defining disease or tolerance. The two different strategies currently used to 

quantify gene expression are microarray technology and real-time PCR. 

The real-time PCR analysis requires a prior knowledge of the pathways involved in the 

alloimmune response to select suitable candidate genes. Although the technique is less suited 

to analyze large numbers of genes, it allows a highly precise quantification of gene 

expression. The application of this method to examine the role of a limited number of 

individual genes such as perforin, granzyme B and FOXP3 in human transplantation shown a 

correlation with the outcome of acute rejection after kidney and heart transplantation [273-

275]. 

Microarray analysis of gene expression offers the advantage of simultaneous assessment of 

several thousand genes. Since the alloimmune response is mediated by numerous mechanisms 

and each is potentially associated with concordant expression and co-regulation of multiple 

gens, this method also may suggest new mechanisms of rejection or tolerance that are not 

revealed by traditional hypothesis-driven approaches. Several efforts had been done to 

characterize kidney tolerant patients using the microarray method for the analysis of 

peripheral blood samples [276, 277]. The gene expression profile observed by comparison of 

operational tolerance to selected clinical groups included the downregulation of co-
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stimulatory signaling and a main role for genes associated to B cells. The here observed 

correct discrimination of tolerant patients from chronic rejectors with high sensitivity and 

specificity could provide a test to identify patients in whom immunosuppression minimization 

or withdrawal may be possible. 

4.2.2.5.- Gene polymorphisms and proteomics 

Gene polymorphisms can affect the normal activity and presence of proteins, even without 

changing mRNA proportions. The functional variability of several regulators involved in the 

immune response such as cytokines, co-stimulatory molecules or their receptors have been 

reported to affect autoimmunity or alloimmunity [278]. For example, gene polymorphisms in 

CTLA4 and CCR5 were correlated with rejection and overall survival, respectively, after 

renal transplantation [279, 280]. In liver transplant recipients, cytokine gene polymorphisms 

associated with low production of TNF-� and high production of IL-10 have been associated 

with tolerance [281]. Also, a single nucleotide polymorphism in the CTLA4 gene is related 

with high risk of acute rejection [282]. Although the effect of gene polymorphisms on the 

alloimmune response will need to be validated in large numbers of transplanted recipients 

before being used as a clinical test, their current detection may allow to classify the patients in 

rejection risk stratification.  

Several proteins can be generated from a single gene by posttranslational modifications. 

Therefore, the analysis of mRNA expression alone could be insufficient to determine whether 

the encoded proteins are really synthesized. The protein array has been proposed to provide a 

high throughput approach to describe the proteomic immune response in various 

circumstances [283]. However, these arrays are still subject to a number of challenges that are 

not encountered in designing DNA arrays. As an alternative approach, mass spectrometry has 

been used to quantify the amount of protein that is present in the urine after renal 
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transplantation. This contributed to the finding of a unique pattern of protein expression that 

distinguish between acute cellular rejection and other causes of allograft failure [284].      

 

4.3.- Immune characterization of operationally tolerant graft recipients

Several analytic tools have been proven useful at monitoring immunologic responses in 

autoimmunity diseases and transplantation in both animal models and humans. The 

applicability of these assays could help to predict immunologic complications after 

transplantation such as GVHD or rejection, facilitating an advanced clinical therapy and 

providing enormous benefits for the recipients. A further main goal in clinical transplantation 

research is to design a sensible and specific analysis to characterize immune tolerance, which 

should provide an informative tool to minimize or if possible complete by remove 

immunosuppression. However, the development of a therapeutically relevant prognostic test 

of tolerance has various challenges to be exceeded.   

Although the spontaneous long-term acceptance of transplanted organs after discontinuation 

of immunosuppression has been reported in kidney and liver transplantation, it constitutes a 

reduced proportion among the transplanted population. The exhaustive monitoring of this 

small number of patients to characterize the immune features responsible for this 

phenomenon, referred to as operational tolerance, must undergo a powerful statistical 

validation. In addition, other limitations as the lack of donor antigens or the non-

recommended use of graft biopsies restrict the currently available immune monitoring assays 

and also their application in the clinic. 

Furthermore, the immune mechanisms responsible for graft acceptance are not completely 

understood and potentially, several distinct pathways play a role. Therefore, the number of 



STATE OF THE ART                                                                    MONITORING OF ALLOGENIC IMMUNERESPONSES 

 

73 

possible targets to monitor is enormous, promoting the use of assays with a large collection of 

markers to study at the same time. The use of microarrays for gene expression profiling of 

operationally tolerant patients should provide a better understanding of the basis of allograft 

acceptance in humans and enable the identification of novel diagnostic biomarkers to predict 

tolerance and new therapeutic targets to induce it. 

4.3.1.- Development of genomic biomarkers

DNA microarray experiments in transplantation research can be focused on two different 

strategies as in other clinical situations [285]. The “class comparison” studies have the 

purpose to determine which genes are differentially expressed among patients with different 

clinical conditions, such as recipients that accept the graft without immunosuppression and 

those that rejected it. Secondly, “class prediction” studies are focused on the generation of a 

mathematical algorithm know as genomic classifier which is based on gene expression data. 

This genomic classifier is capable of accurately classifying the different patients into pre-

defined categories.  

Since a whole genome microarray study in operational by tolerant patients entails a great 

disproportion between the massive expression data from thousands of analyzed genes and the 

usually limited number of samples, the experimental analysis cannot be performed employing 

standard statistical methods. Thus, several key steps described below should be considered in 

clinical studies to develop and validate a therapeutically relevant genomic classifier [286]. 

Nevertheless, in addition to the intrinsic challenges and limitations of microarrays, these 

validation strategies are frequently applied incompletely in clinical research leading to highly 

biased results [287]. 
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4.3.1.1.- Design of the study  

Translational research is usually based on incomplete understanding of biological mechanism 

[288]. Therefore, to develop an appropriate genomic classifier it is important to define a clear 

and easily verifiable clinical state as outcome. The set of patients included in the study must 

be well-defined and sufficiently homogeneous. Some studies are performed using 

convenience samples of available patients, who often are from a heterogeneous collection of 

patients receiving non-uniform treatments. 

The selection of the kind of classifier, which is most useful in the given study is the next step, 

once the clinical outcome and the different groups of patients are have been defined. If the 

number of genes is greater than the number of cases, perfect separation of the training set is 

always possible with a linear classifier. Many algorithms have been used effectively with 

DNA microarray data differing in how the informative weights are determined for each gene.  

All analyzed genes have a different informative weight to discriminate among the selected 

clinical outcomes as a function of their expression. Consequently, one crucial step in the 

development of a classifier is to determine which genes to include. The recommendation is to 

select the most informative genes which are differentially expressed between the groups and 

usually these represent a small proportion compared to the number of non-informative or 

noise genes. Including too many noise genes can dilute and reduce the accuracy of the 

prediction. However, based on the complexity of immunologic mechanisms, the development 

of classifiers with very small numbers of genes could be difficult in many cases.  

4.3.1.2.- Internal validation 

The main challenge in microarray methodology derives from the fact that the number of 

candidate genes available for use in the classifier is much larger than the number of cases 
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available for analysis. Consequently, it exists a plausible possibility to find a classifier that 

accurately discriminates the data even if there is no true relationship between gene expression 

and outcome [289]. Several internal validation strategies usually based on the division of the 

data in two portions, the training set and the test set, have been proposed to avoid this 

phenomenon. 

The most straightforward method to estimate the classifiers accuracy in clinical application is 

the “split-sample validation” [290, 291]. This strategy is based on the employment of one part 

of the patients as training set and the other part as test set, after evaluating the adequacy of the 

population size of each group by statistical computation. A single fully specified prediction 

model is selected from the multiple classifiers emerging after studying the training set. 

Subsequently, the test set is used for the first time to evaluate the prediction efficiency of the 

classifier.  

The “cross validation” is an alternative strategy based on repeated classifier model 

development and subsequent testing on random data partitions [292]. One representative 

model is the “leave-one-out cross validation” (LOOCV), which also starts with defining a 

training set of samples as well as a test set. However, the test set here consists of only one 

single sample and the residual samples are used to develop the classifier as a training set. This 

process is repeated omitting each of the biologically independent samples from the training 

set, one at a time. The number of different models generated is equal to the number of 

samples omitted and used to predict their class. The number of prediction errors is reported as 

the cross-validated error rate. Although this definitive model is constructed using all the 

samples, their exist several levels of cross validation on the error rate estimation [293]. 
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4.3.1.3.- Assay reproducibility and platform translation  

Although gene expression microarrays are currently one of the most robust assays to monitor 

the immunologic responses, the high sensitivity of this technology to experimental noise 

constitutes another challenge to solve by the statistical analysis. This intra-platform variability 

often arises when the assays are made in different laboratories or in the same laboratory but 

on different batches or by different experimenters. It is important to evaluate and achieve the 

assay reproducibility by standardization of protocols and platform reagents [294, 295]. 

Microarray expression profiling is useful for screening genes to find candidates that should be 

included in the classifier, but the clinical application of these biomarkers rarely requires the 

measurement of expression for thousands of genes. The validation of microarray results on a 

different transcriptional platform such as real time PCR (RT-PCR) is still highly 

recommended. Not only to design the classifier as a future clinical tool, but also to resolve 

some methodological challenges of microarrays such as the lower expression specificity and 

the frequent problems in gene annotations [296, 297]. 

4.3.1.4.- Independent validation 

Although the development of a classifier using microarray data can yield an impressive 

accuracy in predicting the outcome, several reasons support its external validation based on 

truly independent data before its use in clinical application. The complexity of the high-

dimensional gene expression analysis must to be added to the followed lacks in the study 

design. The included patients in the study often are selected in a manner that may not be 

representative of the global clinical diversity to whom the classifier would be applied. Thus, 

often the initial study in which the classifier is developed will not be large enough to estimate 

the positive and negative predictive values of the test with sufficient precision to determine 

the clinical utility of the test [298]. 
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The objective of independent validation is not to repeat the developmental study and see if the 

same genes are prognostic or if the same classifier is obtained. The objective is to determine 

whether the use of the diagnostic classifier is able to make a therapeutic decision that results 

in a patient benefit. 

4.3.2.- Functional analysis of genomic biomarkers

The microarrays gene expression assay has led to a surge of new statistical methods designed 

to find differentially expressed genes among clinical situations. While the “class prediction” 

studies in transplantation could provide a therapeutically source of information to create a 

predictive tool of tolerance, the “class comparison” studies should represent the best option to 

better understand the responsible immunologic mechanisms, indicating which genes and 

pathways are playing a major role in tolerance and providing new therapeutic targets in 

transplantation. However, before the application of any functional analysis tool it is important 

to verify if the probe annotation, provided by the microarray platform, correlates with the 

supposed gene. To ensure this, bioinformatic tools should be employed [299, 300]. 

Several strategies have been proposed to define the principal components, such as cells and 

molecular pathways, related to a clinical outcome employing a pre-specified group of genes. 

One of the options is based on the correlation of the differential gene expression profile with 

various potential clinical parameters [301]. This method employs a powerful bioinformatic 

tool to determine the influence of the global group of selected genes and the specific weight 

of each probe on every clinical variable measured. The studied parameters of interest can be 

either a discrete variable such as presence of infection and sex, or a continuous measurement 

such as metabolite levels or patient age.  

Another group of bioinformatic strategies to further explore the functional relationship 

between microarray data and the clinical outcome is based on a pre-designed database where 
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every gene is associated with a specific biological function. These computational methods 

could be focused on sets of related genes pre-defined based on prior biological knowledge 

that has established major advantages over individual gene analysis, including greater 

robustness, sensitivity and biological relevance [302, 303]. Other commercial applications 

perform the gene expression analysis by uploading the identified genes into a global 

molecular network map developed from published data. This method generates a network of 

molecular pathways that represents the biological relationship between genes and the clinical 

status evaluated by a statistical score [304].   
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The achievement of indefinite acceptance of transplanted organs with complete functional 

preservation in the absence of toxic immunosuppressive therapies constitutes one of the main 

objectives of current transplantation research. Although this phenomenon has been 

exhaustively reported in multiple animal models, the translation of these findings into the 

clinic has been hampered by immunological, clinical, commercial and ethical limitations. The 

best proof of principal that tolerance is indeed achievable in humans is a selected group of 

transplant recipients who after having discontinued immunosuppressive drugs for a variety of 

reason did not undergo graft rejection. These patients are considered as operationally tolerant 

and are particularly prevalent following liver transplantation. The mechanisms responsible for 

operational tolerance are however not fully understood. 

The principal goal of our studies has been the immune characterization of operationally 

tolerant liver recipients. Within this general goal, we have addressed the following specific 

aims: 1) To assess the relative contribution of the principal immune subpopulations in 

allograft acceptance and the responsibility of the different immunologic mechanisms in the 

tolerogenic process. 2) To identify potential biomarkers capable of accurately discriminating 

operationally tolerant patients from liver recipients that require ongoing immunosuppressive 

drug maintenance. 3) To validate a potentially diagnostic fingerprint of tolerance capable of 

accurately predicting the success of immunosuppression withdrawal procedures in liver 

transplantation. 

To fulfill these specific aims we have profited from previous studies conducted in 

experimental animal models of transplantation tolerance and some limited knowledge 

generated in clinical studies involving operationally tolerant recipients. Due to the higher 

prevalence of recipients who do not require immunosuppressive drugs, liver transplantation 

currently constitutes without doubt the best clinical model to investigate the mechanisms of 
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operational allograft tolerance in humans. Despite this, the special characteristics of liver 

recipients and their immunologic status entail several limitations in the selection of immune 

monitoring assays and in the specific design of the study.  

One of the prerequisites of our study design was to include as many tolerant recipients as 

possible to be able to reach reproducible statistically meaningful results. Consequently, since 

even in liver transplantation operationally tolerant recipients are scarce, we designed a 

multicentre study to recruit liver recipients from five different clinical institutions. Related to 

the selection of patients, a main challenge was to identify the appropriate group of control 

recipients to be compared with the tolerant recipients. We finally selected for this comparison 

a group of immunosuppression-dependent patients in whom drug withdrawal had been 

attempted but led to acute rejection and required reintroduction of immunosuppressive 

therapy. These recipients had therefore been formally proven to be non-tolerant.  In addition, 

the study was designed to use peripheral blood as a non-invasive sample collection procedure 

to facilitate the methodological standardization between the centers, to cause minimal 

inconvenience to patients, and to increase the chances of obtaining clinically-applicable 

results.  

Although several strategies are available to monitor the immune system and its response 

against alloantigens, our study design and the patient characteristics circumvented the 

application of some of the existing assays. One of the most important limitations was the lack 

of donor antigens, due to the fact that the available recipients had been transplanted with 

cadaveric organs. Consequently, the study had to be restricted to the use non-antigen specific 

strategies. We also discarded methodologies that entail difficulties for standardization among 

different clinical centers such as polyclonal T-cell response stimulation assays. Some other 

antigen non-specific assays, such as Immunoscope/TcLandscape, gene polymorphism and 
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proteomic assays, were also discarded because of cost and/or doubts about their applicability 

to the study of immunological tolerance in humans. Our final choice was based on the 

following considerations: 1) previous demonstration of effective application in the clinical 

monitoring of alloimmune responses; 2) feasibility of using tiny amounts of biological 

samples; and 3) provision of a vast number of informative variables to cover the whole 

spectrum of immunological tolerance. Thus, we selected whole genome microarray analysis 

to assess the full gene expression profile of peripheral blood cells and exhaustive flow 

cytometric immunophenotyping of peripheral blood samples quantify the main cell 

subpopulations potentially involved in the maintenance of tolerance. 

Data analysis was particularly challenging, particularly concerning microarray expression 

data. To achieve accurate and reproducible expression results we included several verification 

strategies, such as application of internal validation bioinformatic methods, addition of an 

independent validation cohort of patients, confirmation of assay reproducibility over time, and 

reproducibility in a different transcriptional platform such as RT-PCR methodology.   

Furthermore, to accomplish the immune characterization of operationally tolerant liver 

recipients, the main objective of this study, it was necessary to analyze the complete amount 

of data obtained from the immune monitoring assays together with all potentially relevant 

clinical variables that could modify the alloimmune response, such as presence of infection 

diseases (e.g. hepatitis C virus), age, gender, type of immunosuppressive treatment and time 

elapsed since transplantation.  
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Immunosuppressive drugs can be completely with-
drawn in up to 20% of liver transplant recipients, com-
monly referred to as ‘operationally’ tolerant. Immune
characterization of these patients, however, has not
been performed in detail, and we lack tests capable of
identifying tolerant patients among recipients receiv-
ing maintenance immunosuppression. In the current
study we have analyzed a variety of biological traits in
peripheral blood of operationally tolerant liver recipi-
ents in an attempt to define a multiparameter ‘finger-
print’ of tolerance. Thus, we have performed peripheral
blood gene expression profiling and extensive blood
cell immunophenotyping on 16 operationally tolerant
liver recipients, 16 recipients requiring on-going im-
munosuppressive therapy, and 10 healthy individuals.
Microarray profiling identified a gene expression sig-
nature that could discriminate tolerant recipients from
immunosuppression-dependent patients with high ac-
curacy. This signature included genes encoding for c d
T-cell and NK receptors, and for proteins involved in cell
proliferation arrest. In addition, tolerant recipients ex-
hibited significantly greater numbers of circulating po-
tentially regulatory T-cell subsets (CD4+CD25+ T-cells
and Vd1+ T cells) than either non-tolerant patients or
healthy individuals. Our data provide novel mechanis-
tic insight on liver allograft operational tolerance, and
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constitute a first step in the search for a non-invasive
diagnostic signature capable of predicting tolerance
before undergoing drug weaning.
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Introduction

Induction of transplantation tolerance, clinically defined as
graft acceptance without functional impairment and sus-
tained for years in the absence of chronic immunosuppres-
sion (IS), is widely regarded as a solution for the two factors
currently limiting long-term allograft survival, namely irre-
versible chronic rejection and side effects of standard IS.
Multiple therapeutical strategies are capable of achieving
allograft tolerance in experimental models, usually through
the combined effects of alloreactive T-cell inactivation (an-
ergy/deletion) and regulatory T-cell promotion (1). However,
most attempts at bringing these strategies into the clinic
have proven unsuccessful. Liver allografts are unique in
that indefinite survival in the absence of IS therapy can be
achieved in most animal models (2–4). In addition, human
liver allografts have a lower susceptibility to rejection than
other organs (5,6), and drug-free tolerance after IS interrup-
tion occurs much more frequently in liver transplantation
than in any other transplantation setting (7–11). Indeed, ac-
cumulated experiences indicate that IS can be completely
withdrawn in 20% of selected liver recipients (12), and
these patients are considered as ‘operationally’ tolerant.
A variety of different immunological mechanisms appear
to contribute to the spontaneous acceptance of liver grafts
(13). However, none of these mechanisms has been con-
vincingly validated in humans yet. Thus, the elucidation of
the immune status of drug-free operationally tolerant hu-
man liver recipients remains a challenging issue, both as a
means to understand the mechanisms of human allograft
tolerance and to identify a signature of operational toler-
ance in stable immunosuppressed recipients.

In the current study we have hypothesized that opera-
tionally tolerant liver recipients will exhibit in peripheral
blood a number of immunological features characteristic of
the tolerant state. Hence, we have assessed a variety of
biological traits in stable IS-free liver recipients employing
both peripheral blood cell immunophenotyping and gene
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expression profiling, and compared the data with results
obtained in patients requiring maintenance IS. Collectively,
our findings suggest that it is feasible to obtain a biolog-
ical ‘fingerprint’ of tolerance in peripheral blood capable
of discriminating between tolerant and IS-dependent liver
transplant recipients. Our results provide novel information
on the mechanisms mediating operational tolerance in hu-
man liver transplantation, and constitute a first step in the
generation of a predictive rule capable of identifying liver
recipients who can successfully interrupt IS therapy with-
out undergoing graft rejection.

Material and Methods

Patients

Peripheral blood samples were collected from a cohort of 16 operationally
tolerant (TOL) recipients of adult deceased donor liver transplants (>1 year
of successful IS discontinuation). For comparison, blood samples were ob-
tained from 16 liver recipients in whom drug weaning was attempted but
led to acute rejection requiring reintroduction of IS (immunosuppression-
dependent, ID). In ID recipients blood was recovered at least 2 years after
the complete resolution of the acute rejection episode. Samples were also
collected from 10 age-matched healthy controls. Clinical characteristics of
patients included in the study are summarized in Table 1. The study was
accepted by the Institutional Review Boards of all participating institutions,
and informed consent was obtained from all patients. With the exception
of three non-compliant patients, weaning was intentionally performed in all
cases in a gradual manner and under strict medical supervision. A history
of post-transplant lymphoproliferative disease (PTLD) was present in one
patient, who was weaned from IS therapy 9 years after PTLD diagnosis, and
enrolled in our study 4 years after weaning. In one patient IS was discon-
tinued after development of a bladder transitional cell carcinoma, although
blood collection was not performed until 4 years after weaning, when no evi-
dence of carcinoma remained. Hepatitis C virus (HCV) infection was present
in 59% of liver recipients. In HCV-positive patients, protocol liver biopsies
were performed yearly. Grading and staging scores from the last available
biopsy are displayed on Table 1. No cases of cirrhosis were detected. A re-
port containing additional clinical data on the HCV-positive patients enrolled
in the study has been recently published (11).

Microarray experiments

After blood mononuclear cell isolation employing a Ficoll–Hypaque layer
(Amersham Biosciences, Uppsala, Sweden), total RNA was extracted with
Trizol reagent (Life Technologies, Rockville, MD), and the derived cRNA sam-
ples were hybridized to Affymetrix Human Genome U133 Plus 2.0 Array
containing probes for 47 000 transcripts (Affymetrix, Inc, Santa Clara, CA).
The complete database comprised the expression measurements of 54 675
genes for nine TOL and eight ID samples. Only those genes with at least
one expression measurement above 20 were considered. This threshold
was selected based on previous experiments indicating that in Affymetrix
microarray assays noise is significantly more pronounced at lower abso-
lute expression levels (14). As a result, a total of 32 601 genes were in-
cluded in the analysis. To identify genes differentially expressed between
TOL and ID recipients, data were analyzed employing a novel methodol-
ogy implemented in the program BADGE (Bayesian Analysis of Differential
Gene Expression, available from http://www.genomethods.org/badge) (15).
BADGE utilizes a Bayesian methodology for differential analysis in which
the evidence of differential expression is measured by the posterior proba-
bility that fold change exceeds a fixed threshold. This posterior probability is
computed based on the assumption that the distributions of gene expres-
sion data are generated by a gamma distribution and a log-normal distribu-
tion. The choice of these two distributions is in agreement with evidence

provided by several authors (16,17), and by combining both, BADGE gains
robustness and reproducibility (15).

Microarray data validation and interpretation

We performed both computational and biological validation. First, a predic-
tive evaluation of the results obtained employing BADGE was performed
using leave-one-out cross-validation (18). This technique consists of remov-
ing from the database one case at the time, estimating the model pa-
rameters from the remaining cases, and predicting the condition of the
removed case on the basis of these parameters. If the condition pre-
dicted corresponds to the condition of the removed case, the prediction
is considered correct. Otherwise, it is taken as incorrect. Second, direct
biological validation of gene expression employing real-time polymerase
chain reaction (PCR) was conducted on a selected group of 22 genes.
PCR studies were extended to incorporate all 32 patients and 10 healthy
individuals included in the study. For functional annotation of the genes
selected as differentially expressed we queried NetAffx Analysis Center
(www.affymetrix.com/analysis/index/affx), and employed two different an-
notation enrichment strategies to identify functional gene classes: Ingenuity
Canonical Pathway Analysis (www.ingenuity.com), and Expression Analy-
sis Systematic Explorer (EASE; http://apps1.niaid.nih.gov/david/). EASE pro-
vides a statistical significance of gene families identified using standard-
ized Kyoto Encyclopedia of Genes and Genomes (KEGG) or Gene Ontology
database terms, and a normalized gene enrichment score and Fisher T -test
are reported for each functional category.

Real-time TaqMan PCR experiments

The expression pattern of a group of 22 genes selected based on either
their significant differential expression in the array experiments (CD94, IL1,
IL23, TNFa, ICAM1) or their well-documented relevance in immune toler-
ance (BAX, BCL-2, CD103, FASL, FOXP3, GITR, GZMB, TIM1, TIM3, HO1,
IFNc , IL10, IL15, TGFb1, A20, PRF1, IL6), was quantified employing the
ABI 7900 Sequence Detector System and Assays-on-Demand primer/probe
sets (PE Applied Biosystems, Foster City, CA). For these studies total RNA
was treated with DNAse reagent (Ambion, Austin, TX), and reverse tran-
scription performed using Multiscribed Reverse Transcriptase Enzyme (PE
Applied Biosystems). To quantify the levels of mRNA we normalized the ex-
pression of the target genes to the housekeeping gene 18S, and data were
expressed as relative fold difference between cDNA of the study samples
and a calibrated sample. The Mann–Whitney test was employed to com-
pare mRNA levels between two groups. In the case of IL6 expression a log
transformation was first performed to reduce the positive skew.

Flow cytometry immunophenotyping

The following fluorescent antibodies were employed for immunophenotyp-
ing: CD3, CD4, CD8, CD19, CD11c, CD14, CD20, CD28, CD45RA, CD62L,
CD123, HLA-DR, ab-TCR, c d-TCR, Vd1-TCR (from BD Biosciences, Moun-
tain View, CA), and Vd2-TCR, Va24-TCR (from Beckman Coulter, Fullerton,
CA). For staining, aliquots of 100 lL of EDTA-anticoagulated blood were
incubated at room temperature for 15 min with a combination of the appro-
priate antibodies (Table 2). For CD4+CD25+ T-cell staining, CD25high cells
were selected based on the fluorescent intensity of the CD25 marker ob-
served in three different cord blood samples, as previously reported (19). In-
tracellular Foxp3 staining was performed on Ficoll-isolated peripheral blood
mononuclear cells according to the manufacturer’s instructions (Treg stain-
ing kit, eBioscience, San Diego, CA). Stained samples were analyzed us-
ing a FACScalibur flow cytometer with Cellquest Pro software (BD Bio-
sciences). Comparisons between two groups were performed employing
the Mann–Whitney test. To assess the reproducibility of all immunopheno-
typing studies, analyses were duplicated on two blood samples obtained
with a 2-month difference.
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Table 1: Patient clinical data

Healthy
individuals

TOL recipients (n = 16) ID recipients (n = 16) (n = 10) p-Value

Median age (years) 59.6 59 58 NS
Original liver disease HCV cirrhosis (8) HCV-positive cirrhosis (12) – –

Alcoholic cirrhosis (3) Alcoholic cirrhosis (3)
Caroli´s disease (1) Acute liver failure (1)
Haemangioendothelioma (1)
HBV cirrhosis (2)
Acute liver failure (1)

Reason for IS withdrawal Drug toxicity (4) Drug toxicity (6) – –
Non-compliance (3) HCV infection (10)
HCV infection (7)
PTLD (1)
Bladder transitional cancer (1)

Median time from transplantation (years) 11 (6–16) 8.3 (2.5–14) – 0.012
Median time from IS resumption (years) – 4 (2–6) – –
Median time from weaning (years) 4 (1–6) – – –
HCV infection (at the time of analysis) 56% 62.5% – NS
Grading∗ 4 (3–4) 4 (1–6) – NS
Staging∗ 2.5 (1–5) 1 (0–5) – NS
IS treatment – Tac (33%)MMF (33%)CsA (33%) – –
Liver function tests –

AST (UI/L) 32 45 NS
ALT (UI/L) 52 47.5 NS

Bilirubin (mg/dL) 0.75 0.85 NS
Institution 25% UCL; 44% UTV; 63% UTV; 37% HCB HCB –

19% HCB; 12% HVH

NS = not significant; UCL = Université Catholique de Louvain; HCB = Hospital Clinic Barcelona; HVH = Hospital Vall d´Hebró Barcelona;
UTV = University Tor Vergata Rome; IS = immunosuppression; PTLD = post-transplant lymphoproliferative disease; HCV = hepatitis C
virus; HBV = hepatitis B virus; Tac = tacrolimus; CsA = cyclosporine A; MMF = mycophenolate.
∗The most recent liver biopsy from each HCV-positive recipient was scored according to Ishak classification (40). The necro-inflammatory
activity was scored on a scale from 0 to 18, while fibrosis was scored on a scale from 0 to 6.

Results

Global gene expression profiling can discriminate

between TOL and ID recipients

With an expected false-positive rate of 1%, BADGE anal-
ysis selected the genes with more than 99.5% and less
than 0.5% chances of being more expressed in TOL
as compared to ID recipients (Figure 1A). This resulted
in a total of 462 positively and 166 negatively changed
genes. A color map of the selected genes is displayed in
Figure 1B. A complete list of the selected genes
is available from www.hpcgg.org/biofx/ASanchez/Reporti-
ntrinsic/genes.html. Computational validation employing
leave-one-out cross-validation resulted in an accuracy of
94.12%, indicating that the model generated utilizing
BADGE could very precisely discriminate between TOL
and ID samples. The array results were further validated
by employing real-time PCR to quantify the expression of
a selected group of 22 genes (results for the differentially
expressed CD94, IL1, IL23, ICAM1 and TNF -a genes are
shown in Figure 1C; in agreement with the array data, no
differences between TOL and ID samples were found in
the expression of the remaining 17 genes). Real-time PCR

studies were extended to include the whole series of 16
TOL, 16 ID recipients and 10 healthy controls, confirm-
ing the expression trends revealed by the arrays (data not
shown), with the exception of IL6, which was found to be
significantly up-regulated in ID patients (Figure 2B). Inge-
nuity Pathway Analysis identified 10 canonical pathways
that were more significant to the complete data set (Table
3), while functional classification employing EASE identi-
fied 11 and 3 functional groups among up-regulated and
down-regulated genes, respectively (Table 4).

Markers of proliferative arrest and gammadelta (c d)

T-cell function distinguish TOL recipients

Among the 462 genes significantly up-regulated in TOL
samples, some of the strongest associations corre-
sponded to c d T-cell-specific transcripts: T-cell receptor
delta locus, soluble T-cell receptor delta chain and T-cell
receptor delta diversity 3 (probability value of being up-
regulated in TOL: 0.9999, 0.9999 and 0.9957, respectively).
In addition, a significant enrichment for natural killer (NK)
receptors was detected. This group of genes included
those encoding for CD94, NKG2D-II, NKG7, KLRC2, BY55
(CD160), KLRB1 and KLRC1. Functional classification also
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Table 2: Immunophenotyping studies

Lymphocytes Lymphocytes Memory T cells Dendritic cells

CD3+ T cells CD3+ CD4+ T cells Effector memory: pDC:
CD19+ B cells CD3+ CD8+ T cells CD62L− CD45RA+ CD4+ T cells CD3−CD14−CD19−CD20−
CD3+ CD56+ NKT cells CD3+ CD4− CD8− T cells CD62L− CD45RA+ CD8+ T cells HLA-DR+CD11c−CD123+
CD3−CD56+ NK cells Central memory: mDC:

CD62L+CD45RA− CD4+ T cells CD3−CD14−CD19−CD20−
CD62L+CD45RA− CD8+ T cells HLA-DR+CD11c+CD123−

Potentially regulatory T cells Naı̈ve T cells ab and c d T cells
CD4+CD25+T cells CD45RA+ CD62L+ CD4+ abTCR+ T cells
CD4+CD25+CD62L+ T cells T cells c dTCR+ T cells
CD4+CD25+Foxp3+ T cells CD45RA+ CD62L+ CD8+ c dTCR+ CD4− CD8− T cells
CD4+ Foxp3+T cells T cells d1+TCR+ CD3+ T cells
abTCR+ CD4− CD8− T cells d2+TCR+ CD3+ T cells
Va24+CD3+CD56+NKT cells
CD8+CD28− T cells

identified a cluster of 18 genes that encode for proteins
participating in the regulation of transcription, mostly as
transcription activators (GTF2A2, NFATC3, MAXD4,
CRSP6, POLR3H, ASCC1, TAF1) but also as transcription
suppressors (SMAD2, MBD2-interacting zinc finger pro-
tein). Not surprisingly, the expression levels of transcripts
involved in IL2 receptor signaling (SOS-1, BCL-XL, AIOLOS,
JAK1, IL2RB) were also increased in TOL samples. Addi-
tional clusters contained genes associated with mRNA pro-
cessing, protein biosynthesis (including genes encoding for
translation factors and ribosomal proteins), DNA repair and
a variety of cellular metabolic pathways (Tables 3 and 4). A
statistically significant association with tolerance was also
noted in the case of transcripts involved in cell cycle control
(RAD21, RAD50, RAD52, PMSL3, UHMK1) and in the sup-
pression of cell proliferation (RBBP9, APRIN, PML, GCIP-
interacting protein p29, l (3)mbt-like, TES, MATK, RASA3
and TUSC1). Overall, these data indicate that, as compared
to ID recipients, TOL individuals exhibit a gene expression
signature characterized by up-regulation of genes involved
in transcription, translation and protein synthesis, as well
as genes participating in cell proliferation arrest. In addi-
tion, the array results suggest a potential role for c d T cells
and NK receptors in the maintenance of liver allograft tol-
erance.

Over-expression of immune activation genes

characterizes HCV-positive ID recipients

A significant enrichment of genes expressed during
cellular stress and inflammatory responses was noted
in the blood of ID recipients (Figure 2A). The most
representative of these genes were those encoding for
pro-inflammatory cytokines (IL1, TNF-a, IL23, TNFAIP6,
corticotrophin), complement and coagulation cas-
cades (thrombomodulin, urokinase, urokinase recep-
tor, DAF, thromboplastin, PTX3), MAP kinase signal-
ing pathway (Tp12/cot, CrkII, TNFa, IL1, GADD45),
chemokine/chemokine receptors (CXCL1, CXCL2, CXCL3,
CCL20, CCL4, BSF3) and immune activation/co-stimulatory

membrane receptors (ICAM1, CD83). Further analyses
taking into consideration the absence or presence of HCV
infection revealed that the strong association between
ID and inflammatory responses was mostly restricted to
samples obtained from HCV-positive recipients (Figure 2A,
B). Although HCV infection promoted the expression of
certain pro-inflammatory genes in TOL recipients as well,
this effect was significantly less marked than in ID patients
(Figure 2A, B). In addition, only HCV-positive ID recipients
consistently exhibited significantly greater expression
levels of pro-inflammatory genes than healthy individuals
(Figure 2B). Altogether, expression profiling suggests that
maintenance IS is associated with the up-regulation of a
wide variety of inflammatory mediators in peripheral blood
of HCV-positive liver recipients.

Peripheral blood c d T cells are increased in TOL

recipients as compared to ID patients or healthy

controls

In order to confirm at the protein level the up-regulated
expression of genes encoding for the c d T-cell receptor
(TCR), we quantified the proportion and absolute numbers
of peripheral blood c d T cells in all 42 individuals included
in the study. TOL recipients exhibited significantly greater
numbers of CD3+TCRc d+ T cells than either ID recipients
or healthy individuals (Figure 3A). We also examined the
proportion of the two main CD3+TCRc d+ T-cell subsets,
namely Vd1+ and Vd2+. In contrast to both ID recipients
and control individuals, the Vc d1+ subtype was found to be
the predominant c d T-cell subpopulation in TOL recipients
(Figure 2B), indicating that in TOL patients the c d T-cell
compartment is both quantitatively and qualitatively al-
tered. No differences between HCV-positive and -negative
recipients were detected (data not shown).

TOL recipients display an increased proportion of

CD4+CD25+ potentially regulatory T cells

In most experimental systems tolerance induction requires
a substantial reduction in the pool of alloreactive effector
T cells and/or an increase in the graft-protecting effects of
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Figure 1: Microarray gene expression profiling can discriminate between TOL and ID recipients. (A) Distribution of the posterior
probability of being differentially expressed for each gene in the dataset. Red arrows indicate the genes with more than 99.5% and less
than 0.5% chances of being more expressed in TOL as compared to ID recipients. (B) Expression profiles of 628 genes differentially
expressed between TOL and ID recipients (9 and 8, respectively). Results are represented as a full-matrix view of gene expression
data where rows represent genes, and columns represent recipient samples. The intensity of each color denotes the standardized ratio
between each value and the average expression of each gene across all samples. Yellow colored pixels correspond to an increased
abundance of the messenger RNA in the indicated blood sample, whereas blue pixels indicate decreased RNA levels. (C) Real-time PCR
validation of the microarray expression data performed for five differentially expressed genes (CD94, IL1, IL23, ICAM1 and TNF -a). These
PCR experiments were performed on the same set of TOL and ID samples employed for microarray profiling without stratifying for HCV
status.

immunoregulatory lymphocytes. In the current study we
employed the CD45RA and CD62L markers to define the
memory/naı̈ve phenotype of T cells. No significant differ-
ences were observed between TOL and ID recipients in
‘effector’ memory, ‘central’ memory, or naı̈ve T cells (data
not shown). Next, we investigated the frequency of periph-
eral blood cell subtypes with a potentially regulatory phe-

notype. TOL and ID recipients did not differ in the propor-
tion of CD8+CD28−, Va24+ NKT and TCRab+CD4−CD8−

T cells (data not shown). TOL, ID and healthy controls
also had similar numbers of peripheral blood NK and
B cells. In contrast, TOL recipients displayed a signifi-
cant increase in the proportion of CD4+CD25highCD62Lhigh

T cells as compared to both ID recipients and healthy
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Table 3: List of top 10 canonical pathways (Ingenuity Pathway
Analysis)

NF-jB signaling
PDGF signaling
IL-6 signaling
EGF signaling
IL-2 signaling
G-protein-coupled receptor signaling
Fatty acid metabolism
Valine, leucine and isoleucine biosynthesis
Glutathione metabolism
Interferon signaling

controls (Figure 3C). Differences in the absolute numbers
were equally significant, and these differences were not
modified by the presence or absence of HCV infection
(data not shown). A very good correlation was found be-
tween the proportion of CD4+CD25highCD62Lhigh T cells
and that of CD4+ intracellularly expressing the regula-
tory T-cell-specific transcription factor Foxp3+ (Figure 3D;
left panel). Thus, despite the absence of differences be-
tween TOL and ID samples in Foxp3 gene expression,
TOL recipients exhibited higher CD4+Foxp3+ T-cell num-
bers than ID patients. On the other hand, no differences
in the proportion of CD4+Foxp3+ T cells were observed
between TOL and control samples (Figure 3D; right panel).
For all immunophenotyping studies, differences between
TOL, ID and healthy individuals could be replicated in the
two blood samples analyzed for each patient (data not
shown).

Peripheral blood dendritic cell subset analysis does

not differentiate TOL from ID recipients

Dendritic cells (DC) constitute a critical checkpoint in the
decision between immunity and tolerance, and variations in

Table 4: Functional classification of differentially expressed genes

Functional Category EASE score (p-value) Number of genes Representative genes

Up-regulated genes in TOL
Transcription regulation 2.41 × 10−12 18 SMURF1, SMAD2, POLR3H, NFAT3, PML, RAB
DNA metabolism 2.52 × 10−6 6 BLM, DHX9, ATRX
DNA repair and cell cycle control 8.06 × 10−11 6 RAD21, RAD50, RAD52, SYNPO2L
mRNA processing 1.47 × 10−12 8 SF3B1, CUGBP1, RBPMS
GTPase activity 2.57 × 10−11 9 GNA11, RAP2A, RAB38
Cadherin 5.75 × 10−44 22 PCDHGB5, PCDHGA12, PCDHGB1
Protein biosynthesis 5.74 × 10−15 11 EIF2S1, EIF5B, RPL14 and RPS6, UBC.
Response to external biotic stimulus 7.07 × 10−13 11 CD160, KLRC1 (NKG2A), KLRC4 (NKG2F), KLRC3

(NKG2E), KLRD1 (CD94), KLRC2 (NKG2C),
KLRB1, Klrk1 (NKG2D)

Proteolysis 1.02 × 10−11 9 USP34, USP10, USP30
Protein kinase activity 3.42 × 10−19 14 PKC, JAK1, ROCK2, MATK, TAOK2
G-protein coupled receptor activity 1.9 × 10−9 9 PTGDR, OR13C4, GPR114, FZD4, GPBAR1
Down-regulated genes in TOL
Response to stress 1.5 × 10−9 12 F3, DAF , CD83, PLAUR, SDC4,TNFa
Transcription regulation 1.08 × 10−11 12 RELB, MAFG, NR4A3, NFKB2
Inflammatory response 3.6 × 10−10 6 CXCL1, CXCL2, TNFAIP6, CCL20, CXCL3, CXCL4

the number and phenotype of peripheral blood DC subsets
have been linked to a variety of clinical conditions, includ-
ing transplantation tolerance (20). In our study we investi-
gated whether quantification of plasmacytoid and myeloid
DC subsets (pDC and pDC, respectively) could be used to
identify liver allograft tolerance. Our findings indicate that
both the relative/absolute numbers of pDC and mDC, and
the ratio of pDC/mDCs are similar among all patient groups
analyzed (Figure 3E).

Discussion

The immune characterization of ‘operational’ tolerance in
liver transplantation has been hampered by: (a) the paucity
of tolerant recipients; (b) the lack of pertinent ‘non-tolerant’
controls and (c) the multiplicity of mechanisms involved in
the maintenance of allograft tolerance. In the current study
we have enrolled a unique cohort of 16 TOL patients gath-
ered from an international clinical consortium, and have as-
sessed different immunological variables to define a multi-
parameter ‘fingerprint’ of tolerance. In contrast to previ-
ous studies, we have restricted our analysis to adult liver
recipients, and have employed for comparison both age-
matched stable ‘non-tolerant’ recipients in whom tolerance
had been formally excluded by a prior attempt at IS wean-
ing, and age-matched healthy individuals. In addition, we
have contrasted for the first time global gene expression
profiles obtained from peripheral blood of tolerant and non-
tolerant recipients. While peripheral blood might not be
the optimal tissue source to dissect the molecular mech-
anisms responsible for allograft tolerance, the use of non-
invasive blood monitoring has obvious clinical advantages,
and it has been widely validated for diagnostic purposes
in transplantation studies employing both immunopheno-
typing and gene expression profiling (21–24). The same
reasons apply to the use of PBMCs instead of selected
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Figure 2: Up-regulation of pro-inflammatory genes is mainly restricted to HCV-positive recipients. (A) Enlarged microarray color
map involving a selected group of differentially expressed genes with samples grouped on the basis of both TOL/ID status and HCV
positivity. (B) Real-time PCR gene expression quantification of pro-inflammatory genes performed on 16 TOL, 16 ID and 10 healthy
individual peripheral blood samples with results stratified on the basis of HCV infection status.

blood cell populations, especially considering previous re-
ports in which a variety of different cell populations have
been correlated with immune tolerance and/or graft accep-
tance (19,20,23,24).

The experiments employing oligonucleotide microarrays
and real-time PCR reported here demonstrate for the

first time the feasibility of utilizing global gene expression
profiling and peripheral blood to non-invasively discrimi-
nate between TOL and ID liver transplant recipients. In
addition, functional annotation of microarray data gives
rise to the following potentially interesting observations.
Overall, differentially expressed genes can be clustered
into three main categories. The first one comprises genes
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Figure 3: Increased proportion of CD4+CD25+ and c d T cells characterize TOL recipients. (A) TOL recipients display an increased
proportion of peripheral blood CD3+TCRc d+ T cells than either ID patients or healthy individuals. (B) In TOL recipients Vd1+/Vd2+ c d T-cell
ratio is greater than in either ID recipients or healthy controls. (C) TOL recipients exhibit a greater proportion of CD4+CD25+CD62Lhigh

peripheral blood T cells than either ID or healthy controls. (D) Most CD4+CD25+, but very few CD4+ CD25−, T cells express intracellular
Foxp3 (left panel). Accordingly, TOL recipients display a greater proportion of CD4+ Foxp3+ T cells than ID recipients (right panel). (E)
Increased pDC/mDC ratio fails to identify TOL recipients.
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involved in IL2 signaling, transcriptional regulation and pro-
tein biosynthesis. Up-regulated expression of these genes
in TOL recipients most likely reflects the use of IS drugs
by ID recipients. This is supported by reports addressing
the effect of calcineurin inhibition on lymphocyte gene
expression profiles (25–27). The second category con-
sists of pro-inflammatory genes exhibiting marked over-
expression on HCV-positive recipients. Microarrays have
been previously employed to analyze intrahepatic gene ex-
pression profiles in HCV infection following transplanta-
tion, revealing significant up-regulation of genes involved
in oxidative stress, inflammation, T-cell activation, matrix
degradation/fibrogenesis and apoptosis (28–30). However,
the influence of both HCV infection and pharmacologi-
cal IS on peripheral blood gene expression patterns had
not been previously explored. Our results indicate that in
TOL recipients in whom successful withdrawal of all IS
drugs is accomplished, marked down-regulation of pro-
inflammatory genes in peripheral blood is noted. This in-
formation goes along with a recent report by our group
at University Tor Vergata, showing that IS weaning results
in improved HCV-related graft disease progression (11,12).
Collectively, these findings raise the hypothesis that com-
plete withdrawal of maintenance IS after liver transplan-
tation may ameliorate both HCV-related inflammatory re-
sponses and histological liver damage, although we can-
not exclude the possibility of this effect being a direct con-
sequence of the same immune mechanisms responsible
for the tolerant state. Elucidation of this question requires
prospective validation in liver recipients selected for wean-
ing and assessed before IS discontinuation is attempted.
Furthermore, our results imply that viral-induced chronic
inflammation might not necessarily preclude the develop-
ment of operational tolerance after liver transplantation, at
least when it arises from the withdrawal of standard IS
regimens. Finally, we can identify a third category of dif-
ferentially expressed genes that appear to be specifically
related to the tolerant state. This group includes genes
encoding for c d T-cell and NK receptors, genes known
to regulate mitosis and inhibit cell proliferation, and other
genes such as CD9 or members of the cadherin fam-
ily, whose expression does not appear to be dependent
on either HCV infection or IS treatment. A number of
these tolerance-specific genes appear to be either regu-
lated by TGF-b or implicated in TGF-b signaling pathways
(SMAD2, SMURF1, CD9, NK receptors) (31–33). Interest-
ingly, up-regulation of genes functionally involved in cell
cycle control and cell proliferation arrest, as well as genes
encoding for CD9, NK receptors and proteins involved in
TGF-b signaling, have also been reported in operationally
tolerant kidney recipients, as compared to either non-
tolerant recipients or healthy individuals (S. Brouard et al.
submitted).

c d T cells are ‘non-conventional’ T cells that participate
in both innate and adaptive immunity as cytolytic effec-

tor cells, but that are also involved in immunoregulatory
responses. Among c d T cells, the Vd2+ subtype is the
predominant subpopulation in peripheral blood of healthy
adults, often representing more than 70% of circulating c d
T cells (34). In contrast, the Vc d1+ subtype preferentially
populates epithelial tissues such as the intestine, where it
has been implicated in local immunoregulatory processes,
most likely through the killing of either effector T cells,
antigen-presenting cells or stressed epithelial cells (35).
Our study indicates that in the peripheral blood of adult
operationally tolerant liver recipients there is an expansion
of Vd1+ T cells, which results in an increased number of
total c dT cells and in the reversal of the normal ratio of
Vd1+/Vd2+ subsets. Vc d1+ T cells typically express the
activating NK receptors NKG2D and CD160, which con-
tribute to promote their cytolytic effector function (35).
Thus, over-expression of NKG2D, CD160, and genes en-
coding for other NK receptors, in TOL samples very likely
reflects the preferential expansion of Vc d1+ T cells. Re-
assuringly, reversal of the peripheral blood Vd1+/Vd2+ c dT
cell ratio has been recently reported in allograft tolerance
following pediatric living donor liver transplantation (19).
In addition, our results suggest that, together with Vc d1+

T cells, CD4+CD25+ T cells might also facilitate the suc-
cessful discontinuation of IS therapy after liver transplan-
tation. This adds to previous studies highlighting the po-
tential relevance of CD4+CD25+ regulatory T cells in the
acceptance of liver and kidney allografts (19,23,24,36). In-
terestingly, both CD4+CD25+ regulatory T cells and Vd1+-
like T cells are involved in the induction of liver allograft
tolerance in rodents (37–39). On the other hand, and in
contrast to a recent publication concerning pediatric tol-
erant liver recipients (20), our data do not lend support
to the use of peripheral blood pDC/mDC as a diagnostic
test for tolerance in adult liver transplantation. Whether
TOL and ID recipients may differ in the activation sta-
tus or functional properties of DC subsets remains to be
determined.

In short, our study indicates that non-invasive identification
of tolerant liver transplant recipients employing peripheral
blood and gene expression profiling is feasible. Although
our data cannot be directly employed to diagnose tolerance
in patients receiving maintenance IS, prospective valida-
tion of our findings in an independent group of patients be-
fore undergoing IS weaning will very likely provide us with
a clinically applicable algorithm capable of predicting the
success of such procedures. In addition, our study offers
novel insight on the pathogenesis of HCV-mediated liver
damage after transplantation, suggesting that IS-induced
non-specific inflammation may be related to the worsened
prognosis of HCV-related liver disease. Our data also in-
dicate that future attempts at employing gene expression
profiling to dissect the immunological signature of toler-
ance will necessarily require patient stratification on the
basis of HCV infection status.
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DISCUSSION

The immunologic characterization of tolerance has been a main objective in human 

transplantation research for the last decades. However, several difficulties interfered with a 

consistent monitoring of operational tolerance in liver recipients. Our study was designed to 

resolve some of these limitations, constituting a relevant precedent in this experimental field. 

In contrast to previous studies, we enrolled age-matched adults in the defined groups to 

exclude differences in the immune system as a consequence of patient age. In addition, the 

included “non-tolerant” controls defined as recipients in whom the attempted withdrawal of 

immunosuppression failed, represent the optimal approach for the evaluation of operational 

tolerance reported until the moment.  

Allograft acceptance has been associated with multiple molecular mechanisms and several 

cell populations seem to be involved. For that reason, our study has been designed to employ 

methodologies to screen the greatest number of immunological variables. The analysis of 

PBMCs, instead of selected cell populations, provides a non-restricted description of the 

involved mechanisms. Furthermore, the use of peripheral blood samples to perform our study 

represents an evident advantage for patient safety and clinical applicability.  

The reported results in this study demonstrate for the first time the feasibility of using global 

gene expression profiling and peripheral blood samples to discriminate between tolerant and 

immunosuppression-dependent (non-tolerant) liver recipients. These findings represent the 

most significant contribution to the exploration of tolerance in the field of clinical liver 

transplantation. In addition, the bioinformatic analysis of gene expression provides a potential 

source of information to define the mechanisms involved in allograft acceptance.  

In the microarray analysis three major cellular functions related to the immune response 

showed altered expression patterns. Tolerant recipients exhibited an up-regulation of genes 
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implicated in IL2 signaling, transcriptional regulation and protein biosynthesis. The 

differential expression of this category of genes reflects the absence of effects caused by 

immunosuppressive agents in tolerant patients. Calcineurin inhibitors antagonize the 

generation of transcription factors, essential for the synthesis of various cytokines such as IL-

2. Besides, the antimetabolites action of some immunosuppressive therapies such as MMF 

blocks proliferation of T and B cells by inhibiting protein synthesis. 

The second functional category comprises genes which are expressed during cellular stress 

and inflammatory responses. Up-regulation of those genes correlated directly with HCV 

infection in liver recipients. Although, similar HCV effects have been described by 

microarray assays of intrahepatic gene expression analysis, our study represents the first 

report describing this contribution of HCV infection in peripheral blood expression patterns. 

Importantly, the expression of pro-inflammatory genes is significantly less manifested in 

HCV-positive tolerant recipients than in infected patients with ongoing immunosuppression. 

This phenomenon, in concordance with other histological liver studies, indicates that either 

the state of operational tolerance or the absence of immunosuppression results in an 

improvement of HCV related disease progression in the graft. 

Finally, the third group of differently expressed genes appears to be related to the state of 

operational tolerance and it is independent of other clinical variables such as HCV infection. 

The genes included in this category encode for NK receptors, proteins related to �� T cells, 

groups of genes associated with cell proliferation and cell cycle control, and also genes like 

CD9 and cadherins. Tolerant patients exhibit up-regulation of this category of genes, which 

some of them are related with TGF-� signaling pathway. These results correlate with other 

reported studies covering operational tolerance research and partially link to our findings of 

the immunophenotypic analysis.  
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Immunoflourescent staining of peripheral blood cells staining enabled an accurate 

quantification of the main immune cell populations in enrolled patients. This data allowed a 

correlation of the incidence of each subpopulation to gene expression and their implication in 

the immune response related to allograft acceptance. �� T cells are increased in operationally 

tolerant recipients upon comparison to immunosuppression dependent patients and healthy 

controls. This phenomenon is a consequence of specific expansion of the V�1+ T cells 

subpopulation, which is characterized by the expression of NK receptors and exerts cytotoxic 

functions. Interestingly, V�2+ T cells, which is the predominant subpopulation in the 

peripheral blood of healthy individuals, remains without significant changes between all 

analyzed groups. This contributes to the inverted ratio of V�1+/V�2+ T cells in peripheral 

blood of tolerant recipients. These findings correlate with the observed increase of gene 

expression of NK receptors and genes related to��� T cells. Besides, V�1+ T-cell expansion is 

also reported in other immunophenotyping studies done in liver transplanted pediatric patients 

and it is described in various animal models after tolerance induction. 

Furthermore, tolerant recipients displayed a significant increase of CD4+CD25+ Tregs 

compared with immunosuppression dependent patients and healthy controls. Additionally, 

this Treg subset showed a high correlation with the intracellular staining of the FOXP3 

transcription factor. Although, differences in FOXP3 expression between tolerant recipients 

and patients requiring ongoing immunosuppression are a probable consequence of 

pharmacological therapy, several studies in human and animal models support the immune 

regulatory activity of CD4+CD25+ Tregs in transplantation tolerance.  

Altogether these results constitute an initial step for a more complete immunologic 

characterization of operationally tolerant liver recipients. Although the main objectives had 

been achieved, several limitations have to be acknowledged here: 1) The availability of a 
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limited number of tolerant recipients precluded the performance of an independent validation 

of the results and the identification of a potentially diagnostic gene signature including a small 

number of genes; 2) While the global gene expression study from PBMCs provided an initial 

screen to define the principal mechanisms related with allograft acceptance, this approach did 

not substantially advance our knowledge on the principal PBMC subsets involved in the 

observed differences in gene expression; and 3) the potential confounding factor of 

pharmacological immunosuppression (which was only administered to non-tolerant 

recipients) could be adequately controlled. 

 



                                                                                                                      RESULTS AND DISCUSSION 

 

100 

ARTICLE 2

Using transcriptional profiling to develop a diagnostic test of operational tolerance in liver 

transplant recipients 
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A fraction of liver transplant recipients are able to discontinue all immunosuppressive therapies without 
rejecting their grafts and are said to be operationally tolerant to the transplant. However, accurate identifica-
tion of these recipients remains a challenge. To design a clinically applicable molecular test of operational 
tolerance in liver transplantation, we studied transcriptional patterns in the peripheral blood of 80 liver trans-
plant recipients and 16 nontransplanted healthy individuals by employing oligonucleotide microarrays and 
quantitative real-time PCR. This resulted in the discovery and validation of several gene signatures comprising 
a modest number of genes capable of identifying tolerant and nontolerant recipients with high accuracy. Mul-
tiple peripheral blood lymphocyte subsets contributed to the tolerance-associated transcriptional patterns, 
although NK and γδTCR+ T cells exerted the predominant influence. These data suggest that transcriptional 
profiling of peripheral blood can be employed to identify liver transplant recipients who can discontinue 
immunosuppressive therapy and that innate immune cells are likely to play a major role in the maintenance 
of operational tolerance in liver transplantation.

Maintenance of a normal allograft function despite complete 
discontinuation of all immunosuppressive drugs is occasionally 
reported in clinical organ transplantation, particularly following 
liver transplantation (1–9). Patients spontaneously accepting their 
grafts are conventionally considered as “operationally” tolerant 
and provide a proof of concept that immunological tolerance can 
actually be attained in humans. We and others have documented  
differences in the phenotype and gene expression of PBMCs 
obtained from operationally tolerant liver recipients as compared 
with patients requiring ongoing pharmacological immunosup-
pression (10–12). While these observations have provided valu-
able information on the cellular and molecular basis of human 
operational tolerance, the translation of this information into a 
clinically applicable molecular diagnostic test capable of identify-
ing tolerance remains a challenge. In the current study, we have 
employed gene-expression profiling technologies to construct 
and validate a series of genomic classifiers of operational toler-
ance in liver transplantation. Thus, we have analyzed peripheral 
blood specimens from 38 adult liver transplant recipients employ-
ing oligonucleotide microarrays and quantitative real-time PCR 
(qPCR) and have identified several predictive models containing 

very low numbers of genes whose mRNA levels accurately identify 
operationally tolerant liver recipients. This genomic footprint of 
operational tolerance has been compared with gene-expression 
patterns obtained from healthy individuals, validated in an inde-
pendent cohort of 23 additional liver recipients, and employed to 
estimate the prevalence of tolerance among stable liver transplant 
recipients receiving maintenance immunosuppressive drugs (STA 
recipients). In addition, the influence of potentially confounding 
clinical variables and specific PBMC subsets on tolerance-related 
gene signatures has been thoroughly assessed. Our data suggest 
that measurement of the expression of a modest number of genes 
in peripheral blood could constitute a robust noninvasive diagnos-
tic test of operational tolerance in clinical liver transplantation.

Candidate gene discovery and internal validation of microarray data. To 
assess differential gene expression between tolerant and nontol-
erant recipients, oligonucleotide microarray experiments were 
conducted on PBMCs obtained from 17 tolerant liver transplant 
(TOL) and 21 nontolerant liver transplant (non-TOL) recipients 
(Table 1 and Figure 1). An initial comparative statistical analysis 
employing significant analysis of microarrays (SAM) yielded a total 
of 2,482 probes (corresponding to 1,932 genes and 147 expressed 
sequence tags) with a false discovery rate (FDR) of less than 5% 
(Figure 2). To identify the minimal set of genes capable of predict-
ing the tolerant state, predictive analysis of microarrays (PAM) was 
performed in parallel on the same 2 groups of samples, resulting 
in the identification of a subset of 26 probes corresponding to 24 
genes (all of them present in the SAM list; Figure 3A) capable of 
correctly classifying tolerant recipients, with an overall error rate 

Nonstandard abbreviations used: CONT, control nontransplanted healthy indi-
viduals; FDR, false discovery rate; MiPP, misclassified penalized posterior probability 
algorithm; non-TOL, nontolerant liver transplant (recipient); PAM, predictive analy-
sis of microarrays; qPCR, quantitative real-time PCR; SAM, significant analysis of 
microarrays; STA, stable liver transplant (recipient) under maintenance immunosup-
pressive therapy; TOL, tolerant liver transplant (recipient).
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of 0.026 (sensitivity, 1; specificity, 0.944). Multidimensional scal-
ing analysis was then performed to visually represent the proxim-
ity between TOL and non-TOL samples according to the expres-
sion of the 26 probes. As depicted in Figure 3B, TOL and non-TOL 
samples appeared as 2 clearly separated groups. Overall, analysis 
of microarray-derived expression data results in the identification 
of a genetic classifier that exhibits high accuracy in discriminating 
TOL from non-TOL samples.

Prediction of tolerance in STA recipients under maintenance immu-
nosuppression employing microarray expression data. To estimate the 
proportion of potentially tolerant individuals among STA recipi-
ents and thus externally validate the tolerance-related 26-probe 
microarray signature, we employed PAM to classify a cohort of 19 
STA patients under maintenance immunosuppressive therapy into 
TOL and non-TOL categories. Tolerance was predicted in 26% of 
cases. This rate ranged from 21% to 31% when 3 other prediction 
algorithms, namely supervector machine learning using the ker-
nel radial basis function (SVM-rbf) or linear kernel (SVM-lin), and 
K-nearest neighbors, were employed (data not shown). This esti-
mation is concordant with the rate of successful weaning we have 
observed in similarly selected STA recipients (5, 8). Furthermore, 
STA recipients identified as tolerant based on microarray expres-
sion patterns exhibited a higher proportion of peripheral blood 
Vδ1TCR+ T cells and Vδ1/Vδ2 T cell ratios than those identified 
as nontolerant recipients (Figure 4A), which is in agreement with 
2 previous immunophenotyping studies (10, 11). Multidimen-
sional scaling was next employed to plot TOL, non-TOL, and STA 
samples together based on the PAM-derived microarray expression 
signature. Notably, STA samples were grouped together with TOL 
or non-TOL samples in concordance with their predicted clinical 
phenotype (Figure 4B).

Validation of microarray expression data by qPCR. We employed 
qPCR to confirm the expression of the target genes identified by 
microarrays and to compare the expression measurements obtained 
from liver recipients with those from nontransplanted healthy 
individuals (CONT). Selected target genes for qPCR experiments 
included the 24 genes selected by PAM, 44 genes selected among 
those most highly ranked in the SAM-derived gene list, and 6 genes 

(UBD, HLA-DOB, FOXP3, LTBP3, MAN1A1, LGALS3) previously 
reported to be associated with allograft tolerance (Table 2). Periph-
eral blood samples from 16 TOL, 15 non-TOL, and 16 CONT indi-
viduals were employed for these experiments. TOL and non-TOL 
samples differed in the expression of 34 genes (Table 3 and Fig-
ure 5A). Thirty genes were differentially expressed when assessed 
by microarrays but not by qPCR. Among these, PCR primers  
and microarray probes did not recognize the same transcripts in 
11 cases. Hence, qPCR could confirm the differential expression 
of 64% of the genes selected by microarrays. The reproducibility of 
qPCR expression values was assessed by computing interpatient 
and interassay variation. Interpatient variation (median SD of 
ΔCt = 0.68) greatly exceeded interassay variation (median SD of 
ΔCt = 0.21). This suggests that the variability of the qPCR is small 
enough to reliably detect differences in gene expression between 
TOL and non-TOL recipients. Although target genes had been 
selected on account of their differential expression between TOL 
and non-TOL samples, there were 26 genes differentially expressed 
between TOL and CONT samples as well (Table 3 and Figure 5A). 
The similarities between TOL, non-TOL, and CONT expression 
patterns were then assessed in an unsupervised manner through 
multidimensional scaling analysis. This resulted in CONT samples 
being clustered in between TOL and non-TOL groups (Figure 5B). 
Taken together, qPCR expression results confirmed the validity of 
most genes identified by microarrays and revealed that tolerance-
related expression patterns differ from those of both non-TOL 
recipients and nontransplanted healthy individuals. Expression 
patterns of TOL recipients, however, appear to be closer to those 
of healthy individuals than to those of non-TOL recipients.

Prediction of tolerance in an independent validation test employing qPCR-
derived gene models. Among the candidate biomarkers identified in 
qPCR experiments on the basis of their differential expression 
between TOL and non-TOL samples, we searched for those that 
would form optimal parsimonious models capable of predicting 
tolerance status in an independent validation set. This was accom-
plished by utilizing a novel classification modeling approach 
based on the misclassified penalized posterior (MiPP) algorithm 
and incorporating an independent cohort of 11 TOL and 12 non-

Demographic characteristics of patient groups

Clinical  Number Age  Time from  Time from  HCV  Treatment Center 

diagnosis  (yr)A transplantation (yr)A weaning (yr)A infectionB

TOL (total) 28 57 (40–68) 10.9 (4–16) 5.6 (1–8) 21%
Non-TOL (total) 33 53 (39–67) 8.2 (4–15) 25%
Training set 
 TOL 17 55 10.39 7.52 18%  B, R, M, L
 Non-TOL 21 52 9.45  29% 48% CsA, 38% FK,  B, R, M, L
       9% MMF, 5% SRL
Test set
 TOL 11 61 11.7 2,6 27%  B, R, L
 Non-TOL 12 55 6  17% 25% MMF, 50% FK,  B, R, L
       25% CsA
STA 19 55 (45–74) 9 (5–12)  13% 40% CsA, 30% FK,  B
       30% MMF
CONT 16 62 (42–70)     B
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TOL recipients not previously employed for data analysis and 
from whom no microarray data were available. MiPP selected 3 
signatures of 2, 6, and 7 genes (altogether comprising 12 different 
genes), and these signatures were capable of correctly classifying 
samples included in both the training and validation sets (Table 3). 
These experiments indicate that qPCR can be employed on periph-
eral blood samples to derive robust, reproducible, and highly accu-
rate gene models of liver operational tolerance.

Identification of clinical variables implicated in the tolerance-associated 
gene signature. We performed globaltest to assess the influence 
of age, sex, type of immunosuppression, time from transplanta-
tion, peripheral blood leukocyte counts, and HCV infection sta-
tus on peripheral blood microarray gene-expression patterns. No 
significant correlation was found between the tolerance-related 
expression profile and patient age, sex, pharmacological immu-
nosuppression, and peripheral blood lymphocyte, neutrophil, 
and monocyte numbers (data not shown). Time from transplan-
tation was marginally associated with the PAM-derived 26-probe 
signature (P value < 0.042) but not with the 2,462-probe set iden-
tified by SAM. HCV infection, in contrast, had a major impact 

both on global gene-expression patterns and on the tolerance-
related expression signatures (P < 0.0003 and P < 0.0033 for the 
26- and the 2,462-probe sets, respectively). To further dissect the 
effects of HCV infection on gene-expression patterns following 
transplantation, we compared samples from chronically infected 
patients (HCV-positive) with those of noninfected (HCV-negative) 
recipients employing SAM. This resulted in the identification of 
4,725 differentially expressed probes (FDR < 5%; data not shown). 
Further, we used SAM to compare TOL and non-TOL samples 
stratified on the basis of HCV infection status. HCV-negative 
TOL and non-TOL individuals differed in 117 probes, while 528 
probes were differentially expressed between HCV-positive TOL 
and non-TOL recipients (FDR < 5%; Figure 6A). HCV infection 
was also found to influence the expression of 12 out of the 26 
probes included in the PAM-derived microarray genetic classifier, 
although correlation was tighter with tolerance than with HCV 
infection (Figure 6B). This is concordant with our finding that 
the 26-probe set classifies TOL and non-TOL samples regardless 
of HCV infection status (Figure 3B). Thus, while HCV infection 
has a major influence on peripheral blood gene expression follow-
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ing liver transplantation, this does not prevent accurate discrimi-
nation between TOL and non-TOL recipients.

PBMC subsets involved in the tolerance-related gene-expression footprint. 
In a previous report (11), we investigated in detail the differences 
in PBMC subsets between TOL and non-TOL liver recipients (this 
report included 32 out of the 38 TOL and non-TOL recipients 

incorporated in our current microarray study). TOL recipients 
exhibited an increased number of CD4+CD25+Foxp3+, γδTCR+, 
and δ1TCR+ T cells. In contrast, no differences were observed in 
the frequency or absolute numbers of other T cell subsets, B, NK, 
and NKT cells (11). To determine the contribution of these PBMC 
subsets to tolerance-associated expression patterns, we employed 
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globaltest to correlate cell-subset frequencies with microarray-
derived expression levels. All 57 patients from whom microarray 
data were available (including TOL, non-TOL, and STA recipients) 
were employed for this study. First, we computed the number of 
probes from the SAM-derived 2,482-probe list whose expression 
correlated with the frequency of each specific PBMC subset. NK, 
Vδ1TCR+, and total γδTCR+ T cells influenced 314, 296, and 438 
probes, respectively, although statistical significance was only 
reached for NK (P < 0.0032) and γδTCR+ T cells (P < 0.0271). For 
comparison, a similar analysis was then conducted on the 4,725-
probe list differentiating HCV-positive from HCV-negative sam-
ples. This analysis identified CD8+ T cells as the lymphocyte subset 
influencing the greatest number of genes, although this did not 
reach statistical significance (328 probes; P < 0.14). NK, γδTCR+, 
and Vδ1TCR+ peripheral blood lymphocyte proportions also cor-
related with the expression of multiple individual genes included  
in the PAM-derived 26-probe set (Figure 6C), although only 

γδTCR+ T cell frequency was shown to be significantly associ-
ated with the 26-probe set as a whole (P < 0.0154). The results 
of these analyses indicate that both NK and γδTCR+ T cells 
influence tolerance-associated peripheral blood expression 
patterns. Considering that TOL and non-TOL recipients dif-
fer in the number of peripheral blood γδTCR+ T cells (11), it is 
clear that tolerance-related differential gene expression can be 
attributed, at least in part, to an increased number of γδTCR+ 
T cells in TOL recipients. Regarding NK cells, which are pres-
ent in similar numbers in TOL and non-TOL recipients, we 
hypothesized that the significant correlation observed might 
be due to changes in their transcriptional program. To test 
this hypothesis and further assess the contribution of other 
PBMC subsets, we conducted qPCR experiments to measure 
the expression of the 22 most significant genes from Table 3  
on cell subsets sorted from a selected group of 5 TOL and 
5 non-TOL patients. The set of 22 genes was predominantly 
expressed by CD8+, γδTCR+, and non–T cell mononuclear cells 
(Figure 7 and Table 4). Comparison of TOL and non-TOL 
samples revealed significant expression differences in CD4+, 
CD8+, γδTCR+, and non–T cell subsets (Figure 7 and Table 4). 
In addition, protein levels of IL-2RB, KLRB1, CD244, CD9, 
KLRF1, CD160, and SLAMF7 were assessed by flow cytometry 
on CD4+, CD8+, γδTCR+ T, NK, CD19+, and NKT cells from 
6 TOL, 6 non-TOL, and 5 healthy individuals. These proteins 
were mainly expressed on NK, NKT, and γδTCR+ T cells, with 
significant differences being noted between TOL, non-TOL, 
and CONT individuals (Supplemental Figure 1, A and B;  
supplemental material available online with this article; 
doi:10.1172/JCI35342DS1). These findings indicate that TOL 

and non-TOL recipients differ in the expression program of several 
PBMC subsets, mainly Vδ1TCR+ T cells and NK cells, and that in 
many cases these expression changes are unique to the tolerant 
state. Thus, tolerance-associated expression patterns appear to be 
shaped both by differences in γδTCR+ T cell number and by func-
tional changes in a variety of PBMC subsets.

We have previously reported that gene-expression profiling employ-
ing peripheral blood specimens and oligonucleotide microarrays 
constitutes a high-throughput approach to dissect the biology 
underlying operational tolerance in human liver transplantation 
(11). The current study was designed to determine whether this 
approach could be employed to identify genomic classifiers that 
would (a) comprise modest numbers of genes, (b) provide high 
diagnostic accuracy in the identification of tolerant recipients, 
and (c) yield reproducible results across different transcriptional 
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platforms. We first analyzed peripheral blood samples obtained 
from operationally tolerant liver recipients and from nontolerant 
recipients requiring maintenance immunosuppression employ-
ing Affymetrix microarrays. The diagnostic applicability of the 
resulting 26-probe genetic classifier was tested on an indepen-
dent cohort of 19 STA recipients. These patients were selected 
according to the clinical criteria most commonly used to enroll 
patients in immunosuppressive weaning trials (1) and are there-
fore representative of the diversity of patients to whom a diagnos-
tic test based on the identified gene signature would be applied if 
adopted for broad clinical use. Prediction of tolerance status based 
on the identified gene signature resulted in the identification of 
4 of 19 potentially tolerant recipients (26%), which matches the 
prevalence of operational tolerance observed in patients selected 
according to the above clinical criteria (1, 5, 8). The most infor-
mative genes selected in the microarray experiments were then 
validated on a qPCR platform. This resulted in the identification 
of 3 qPCR-derived composite models incorporating 2–7 genes 
exhibiting remarkable accuracy at discriminating TOL from non-
TOL samples in both training and independent validation sets. 
qPCR experiments incorporated an additional group of samples 
collected from healthy nontransplanted individuals (CONT). This 
allowed comparison of TOL and CONT expression patterns. While 
tolerance-related expression signatures resembled CONT more 
than non-TOL patterns, half of the genes differentially expressed 
between TOL and non-TOL samples were also significantly differ-

ent when comparing TOL and CONT samples. This indicates that 
a substantial proportion of identified genetic classifiers are very 
likely to be tolerance specific.

The potential impact on tolerance-related gene-expression pat-
terns of clinical variables such as age, time from transplantation, 
type of immunosuppressive therapy, and HCV status was specifi-
cally addressed on the microarray dataset. HCV infection had a 
striking impact on peripheral blood gene-expression patterns, 
markedly outweighing the effect of tolerance itself in terms of the 
number of genes influenced. The effect of HCV infection on the 
set of genes most strongly associated with tolerance was, however, 
weak, which explains why the 26-probe microarray signature could 
correctly identify tolerant recipients regardless of HCV-infection 
status. Time from transplantation was found to be marginally 
associated with the PAM-derived 26-probe signature. This is con-
cordant with the clinical observation that liver recipients with a 
longer posttransplant follow-up are more likely to become opera-
tionally tolerant (1) but clearly does not account for the expres-
sion differences between TOL and non-TOL recipients detected 
in our study population. A significant effect of pharmacological 
immunosuppression on tolerance-related gene-expression pat-
terns was excluded by the negative result of the globaltest asso-
ciation analysis and by our finding that STA recipients predicted 
to be tolerant were grouped together with TOL recipients, which 
suggests that a common expression signature prevails regardless 
of the use of immunosuppressive drugs. Hence, we provide here 

δ
δ δ



 The Journal of Clinical Investigation   http://www.jci.org   Volume 118   Number 8   August 2008 

Results of qPCR gene-expression experiments

Gene  Fold change  Fold change  P value  P value  P < 0.05  P < 0.05 

symbol TOL vs. non-TOL CONT vs. TOL TOL vs. non-TOL TOL vs. CONT TOL vs. non-TOL TOL vs. CONT

CLIC3 2.189 1.141 4.151 × 10–06 1.228 × 10–01 Y N
KLRF1 1.879 1.288 6.755 × 10–06 1.730 × 10–02 Y Y
SLAMF7 1.414 1.181 1.381 × 10–05 4.835 × 10–02 Y Y
FEZ1 2.219 1.474 2.179 × 10–05 6.350 × 10–02 Y Y
CD160 2.078 1.693 2.635 × 10–05 2.114 × 10–02 Y Y
CTBP2 1.542 1.165 4.371 × 10–05 2.199 × 10–02 Y Y
IL2RB 1.641 1.434 1.054 × 10–04 2.704 × 10–02 Y Y
OSBPL5 1.699 1.347 1.193 × 10–04 3.469 × 10–03 Y Y
NKG7 1.510 1.380 2.562 × 10–04 3.280 × 10–03 Y Y
FLJ14213 1.759 –1.165 2.824 × 10–04 6.278 × 10–01 Y N
GNPTAB 1.329 1.003 4.302 × 10–04 3.170 × 10–01 Y N
PTGDR 1.564 1.185 7.148 × 10–04 1.788 × 10–01 Y N
FEM1C –1.380 –1.395 8.222 × 10–04 1.657 × 10–03 Y Y
ZNF295 –1.879 –1.053 1.063 × 10–03 5.192 × 10–01 Y N
KLRD1 1.521 1.231 1.092 × 10–03 1.976 × 10–01 Y  N
RGS3 1.717 1.021 1.492 × 10–03 6.282 × 10–01 Y N
CX3CR1 1.741 –1.161 1.981 × 10–03 3.870 × 10–01 Y N
PSMD14 1.157 1.042 2.670 × 10–03 1.925 × 10–01 Y N
WDR67 1.248 –1.169 2.735 × 10–03 1.388 × 10–01 Y N
PTCH1 1.390 1.223 2.850 × 10–03 1.428 × 10–01 Y N
ERBB2 1.939 1.161 3.286 × 10–03 6.274 × 10–01 Y N
GEMIN7 1.270 –1.102 3.662 × 10–03 3.954 × 10–01 Y N
CD9 1.223 1.261 4.225 × 10–03 1.468 × 10–02 Y Y
CD244 1.371 1.202 4.250 × 10–03 9.183 × 10–02 Y N
NCALD 1.366 1.189 5.190 × 10–03 6.604 × 10–02 Y N
EPS8 1.434 1.366 5.615 × 10–03 2.913 × 10–02 Y Y
PDE4B –1.521 –1.007 7.337 × 10–03 7.564 × 10–01 Y N
KLRB1 1.292 1.032 7.491 × 10–03 7.171 × 10–01 Y N
ZNF267 –1.542 1.185 8.269 × 10–03 2.471 × 10–03 Y Y
FANCG 1.257 –1.010 1.392 × 10–02 1.203 × 10–01 Y N
UBD 1.753 1.532 3.070 × 10–02 6.397 × 10–02 Y Y
ALG8 1.177 –1.129 3.095 × 10–02 3.180 × 10–01 Y N
MAN1A1 1.218 1.270 3.145 × 10–02 3.242 × 10–03 Y Y
IL8 –4.579 1.682 3.661 × 10–02 1.023 × 10–02 Y Y
DCTN2 1.083 1.007 8.705 × 10–02 8.754 × 10–01 N N
DAB2 1.279 1.240 1.110 × 10–01 1.550 × 10–01 N N
FOXP3 1.310 –1.072 1.218 × 10–01 2.926 × 10–01 N N
UBE2V2 1.072 –1.094 1.315 × 10–01 2.393 × 10–01 N N
PPM1B –1.253 –1.061 1.344 × 10–01 2.996 × 10–01 N N
NOTCH2 1.110 1.149 1.439 × 10–01 2.420 × 10–02 N Y
DOCK11 –1.057 –1.050 1.605 × 10–01 2.943 × 10–01 N N
THBD –1.261 1.141 1.654 × 10–01 1.600 × 10–01 N N
PPM1B –1.106 –1.087 1.737 × 10–01 3.970 × 10–01 N N
UCHL5 1.061 –1.061 1.840 × 10–01 7.136 × 10–01 N N
NOLA1 1.352 –1.653 1.988 × 10–01 1.273 × 10–06 N Y
PSMF1 1.279 1.017 2.131 × 10–01 3.000 × 10–01  N N
TGFBR3 1.091 1.218 2.157 × 10–01 8.922 × 10–02 N N
C10orf119 1.193 –1.007 2.244 × 10–01 5.148 × 10–01 N N
DCUN1D1 1.003 –1.057 3.003 × 10–01 7.313 × 10–01 N N
HIP2 1.017 –1.042 3.046 × 10–01 8.832 × 10–01 N N
RAD23B –1.007 1.079 3.147 × 10–01 2.379 × 10–01 N N
TRIAP1 –1.007 –1.068 3.286 × 10–01 2.516 × 10–01 N N
EIF5A –1.064 1.102 4.298 × 10–01 3.466 × 10–02 N Y
TRD@ 1.075 –1.297 4.494 × 10–01 1.622 × 10–01 N N
LTBP3 –1.117 –1.390 4.685 × 10–01 6.387 × 10–03 N Y
HLA–DOB –1.133 –1.165 5.054 × 10–01 2.698 × 10–01 N N
RB1CC1 –1.028 –1.214 5.303 × 10–01 2.965 × 10–03 N Y
ATXN10 –1.025 –1.169 5.549 × 10–01 1.649 × 10–03 N Y
TRA@ –1.173 –2.078 5.959 × 10–01 9.081 × 10–04 N Y
MRPS31 1.261 –1.429 6.005 × 10–01 6.246 × 10–05 N Y
IKZF3 1.031 –1.16 6.317 × 10–01 1.080 × 10–01 N N
DTNBP1 1.193 1.075 6.541 × 10–01 6.375 × 10–01 N N
GRSF1 –1.032 –1.157 6.813 × 10–01 3.847 × 10–02 N Y
UBB 1.091 1.025 7.206 × 10–01 1.044 × 10–01 N N
NOLA1 –1.014 –1.165 7.708 × 10–01 1.147 × 10–02 N Y
C10orf110 1.376 1.149 7.996 × 10–01 8.534 × 10–01 N N
COPZ1 –1.053 –1.053 8.605 × 10–01 5.216 × 10–01 N N
LGALS3 –1.003 1.270 8.927 × 10–01 2.077 × 10–02 N Y
S100A10 –1.025 –1.068 9.557 × 10–01 7.348 × 10–01 N N
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a series of robust predictive models containing a strikingly small 
number of features capable of accurately discriminating between 
operationally tolerant liver recipients and those requiring ongoing 
pharmacological immunosuppression on the basis of peripheral 
blood gene-expression patterns.

The underlying biology of operational tolerance in humans is 
still largely unknown. In the current work we have conducted a 

whole genome gene-set analysis to gain unbiased insight into the 
mechanisms of operational tolerance following liver transplanta-
tion (see Supplemental Data). This analysis has revealed that the 
expression signature associated with operational liver allograft tol-
erance is mainly characterized by enrichment in genes encoding for 
a variety of NK cell–surface receptors expressed by NK, CD8+, and 
γδTCR+ T cells. The influence of NK and γδTCR+ T cells on toler-

Most predictive genetic classifiers identified by MiPP in qPCR expression data set and their performance in training and independent test sets

Gene signatures Selection  Prediction rule Class  Mean ER Mean ER in  

 method  comparison  in training set validation set

KLRF1, SLAMF7 MiPP LDA, QDA, SVM-rbf 2 class 0.064 0.13
KLRF1, NKG7, IL2RB, KLRB1, FANCG, GNPTAB MiPP SVM-rbf 2 class 0.032 0.17
SLAMF7, KLRF1, CLIC3, PSMD14, ALG8, CX3CR1, RGS3 MiPP SVM-lin 2 class 0.064 0.13
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ance-related expression patterns has been further confirmed by the 
demonstration of a significant association between the expression 
levels of the most informative genes and peripheral blood NK and 
γδTCR+ T cell frequencies and by the finding that, in TOL recipi-
ents, both γδTCR+ and NK cells (together with other PBMC sub-
sets) exhibit unique expression markers. There are 2 main γδTCR+ 
T cell subsets in human peripheral blood: Vδ1 and Vδ2. In healthy 
individuals, Vδ2TCR+ T cells largely predominate in peripheral 
blood (>80%), while Vδ1TCR+ T cells are the major subtype in tis-
sues such as intestine, liver, and spleen (13). In operationally toler-
ant liver recipients, in contrast, peripheral blood Vδ1TCR+ T cells 
expand and typically outnumber Vδ2TCR+ T cells (10, 11). Our 

current analysis indicates that Vδ1TCR+ T cells are the only γδTCR+ 
T cell subset clearly influencing tolerance-related transcriptional 
signatures. In addition, we provide evidence that peripheral blood 
Vδ1TCR+ T cells from tolerant liver recipients exhibit unique 
expression and cell-surface traits that distinguish them from 
those present in either nontolerant recipients or nontransplanted 
healthy individuals. Vδ1TCR+ T cells have been reported to exert 
immunoregulatory functions in a variety of nontransplantation 
experimental and clinical settings (14–19). In liver transplantation, 
further studies are needed to dissect the functional properties of 
Vδ1TCR+ T cells and to determine whether these cells have direct 
suppressive abilities on alloaggressive lymphocytes or act by pro-
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ducing growth factors and repairing tissue damage, as has been 
shown for the intestinal mucosa (18, 20–22).

On the basis of gene expression and flow cytometry data pre-
sented here, it is clear that tolerant liver recipients are distinct not 
only from recipients requiring maintenance immunosuppression 

but also from nontransplanted healthy individuals. This suggests 
that in liver transplantation, achievement of operational toler-
ance is unlikely to be due to a “reinitialization” of the immune 
system resulting in recognition of the transplanted graft as “self.” 
On the contrary, tolerant liver recipients appear to have developed 

γδ
Δ
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tolerogenic pathways not readily detectable in peripheral blood 
of healthy individuals but capable of ensuring the protection of 
the liver allograft.

Functional profiling of human kidney allograft tolerance 
employing peripheral blood samples has been previously reported 
by Brouard et al. (23) utilizing a 2-color cDNA microarray platform 
(lymphochip) mainly containing immune-related genes (24). While 
it would be critical to find common features between operationally 
tolerant kidney and liver recipients, comparison of both studies is 
problematic. First, the 2 array platforms employed (lymphochip 
and Affymetrix U133 Plus 2.0 arrays) have only 4,733 probes in 
common, with just 543 of them being present in the SAM-derived 
2,482-gene list discriminating between TOL and non-TOL liver 
recipients (data obtained employing the MatchMiner tool; ref. 25). 
This number is very low for detailed evaluation of genome-wide 
transcriptional similitudes, particularly when comparing 2 distant 
clinical settings and utilizing 2 different expression platforms. 
Second, the 2 studies analyze different patient groups (i.e., our 
study is focused on identifying tolerant individuals among STA 
recipients while Brouard et al. compare tolerant kidney recipients 
with chronic rejectors). Despite these limitations, a comparison 
restricted to functional pathway profiles suggests that the mecha-
nisms accounting for operational tolerance in liver transplan-
tation are distinct from those active in kidney recipients. Thus, 
operationally tolerant kidney recipients appear to be character-
ized by a state of immune quiescence with marked downregula-
tion of genes involved in lymphocyte trafficking and activation 
and upregulation of genes responsible for cell-cycle control (23). In 
contrast, in operationally tolerant liver recipients, there is a mani-
fest influence on expression patterns of cellular components of the 
innate immune cells while changes in proinflammatory pathways 

are barely noticeable except for HCV-positive recipients. 
Furthermore, a role for B cells in liver allograft toler-
ance is not supported by either immunophenotyping 
or gene expression data, in contrast to what has been 
reported in kidney transplantation (26, 27).

In short, our study reveals that measurement of the 
expression levels of a small set of genes in peripheral 
blood could be useful to accurately identify liver recipi-
ents who are able to accept their grafts in the absence 
of pharmacological immunosuppression. Validation of 
our findings in prospective immunosuppression wean-
ing trials would open the door to the possibility of with-
drawing immunosuppressive drugs in recipients with 
high likelihood of being tolerant. Further, functional 
analysis of expression patterns suggests that molecular 
pathways involved in the activation and effector func-
tion of innate immunity cell types (NK and γδTCR+ 
T cells) are central to the maintenance of operational 
tolerance following liver transplantation. Altogether, 
our work highlights the value of peripheral blood tran-
scriptional profiling in the immune monitoring of 
liver transplant recipients and provides insight into the 
pathogenesis of human allograft tolerance.

Patients. Peripheral blood samples were collected from a cohort 
of 28 TOL recipients and 33 liver recipients in whom drug 
weaning was attempted but led to acute rejection, requir-
ing reintroduction of immunosuppressive drugs (non-TOL). 

TOL recipients had been intentionally weaned from immunosuppressive 
therapy under medical supervision. Criteria employed in selecting patients 
for immunosuppression weaning in the participating institutions were as 
follows: (a) more than 3 years after transplantation; (b) single-drug immu-
nosuppression; (c) absence of acute rejection episodes in the previous  
12 months; (d) absence of signs of acute/chronic rejection in liver histology; 
and (e) absence of autoimmune liver disease before or after transplantation. 
In TOL recipients, blood was collected more than 1 year after successful 
immunosuppressive drug discontinuation, while in non-TOL recipients, 
specimens were harvested more than 1 year after complete resolution of 
the acute rejection episode (at the time of blood collection, all non-TOL 
recipients had normalized liver function tests and were receiving low-dose 
immunosuppression in monotherapy). Additionally, peripheral blood sam-
ples were also obtained from 16 age-matched healthy controls (CONT) and 
19 STA recipients that fulfilled the aforementioned clinical criteria for drug 
weaning. In patients fulfilling these criteria, the prevalence of operational 
tolerance ranges between 20% and 30% (5, 8). Clinical and demographic 
characteristics of patients included in the study are summarized in Table 1.  
The study was accepted by the Institutional Review Boards of all partici-
pating institutions, and informed consent was obtained from all patients.  
A report containing blood-cell immunophenotyping findings together with 
preliminary microarray gene expression data obtained from a subset of the 
patients enrolled in the current study has been recently published (11).

Microarray experiments. Microarray experiments were conducted on PBMCs 
obtained from 21 non-TOL, 17 TOL, and 19 STA recipients. PBMCs were 
isolated employing a Ficoll-Hypaque layer (Amersham Biosciences), total 
RNA was extracted with TRIzol reagent (Life Technologies), and the derived 
cRNA samples were hybridized onto Affymetrix Human Genome U133 Plus 
2.0 arrays containing 54,675 probes for 47,000 transcripts (Affymetrix). 
Sample handling and RNA extraction were performed by the same investi-
gator in all cases (M. Martínez-Llordella).

Statistical significance of the differences in gene expression between TOL 
and non-TOL recipients in sorted lymphocyte subset.

Gene symbol P value  P value  P value  P value  P value  

 CD4+ CD8+ γδTCR+ non–T cell PBMCs

SLAMF7 0.0061 0.0941 0.4573 0.0007 0.0001
NKG7 0.0110 0.0337 0.3531 0.0438 0.0001
CX3CR1 0.0215 0.1267 0.6635 0.1371 0.0002
RGS3 0.0000 0.0005 0.2808 0.0479 0.0005
FLJ14213 0.0238 0.0554 0.2448 0.0170 0.0006
CD244 0.0157 0.0698 0.5112 0.0330 0.0028
CD9 0.2289 0.0828 0.1404 0.0040 0.0102
FEZ1 0.0033 0.0350 0.5383 0.0485 0.0137
KLRF1 0.0240 0.1129 0.0475 0.0447 0.0196
PTGDR 0.0240 0.0557 0.3354 0.0245 0.0214
OSBPL5 0.0045 0.0031 0.4291 0.0143 0.0217
C10orf119 0.4467 0.7091 0.9819 0.1904 0.0290
CD160 0.0138 0.2793 0.2466 0.1336 0.0305
CLIC3 0.1690 0.1062 0.0620 0.1224 0.0413
IL2RB 0.3262 0.1453 0.1797 0.1393 0.0495
FANCG 1.0000 0.0323 0.2030 0.0057 0.0858
GEMIN7 0.0801 0.7105 0.7819 0.1007 0.2089
CTBP2 0.0742 0.2258 0.7418 0.1058 0.3165
GNPTAB 0.1007 0.0026 0.8648 0.0241 0.4113
KLRB1 0.2533 0.2551 0.9510 0.0531 0.5167
PSMD14 0.7584 0.7114 0.6784 0.1182 0.7170
ALG8 0.6544 0.5959 0.5912 0.4052 0.9882
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Microarray data normalization. Microarray data from 57 samples (21 non-
TOL, 17 TOL, and 19 STA) were normalized using the guanidine-cytosine 
content-adjusted robust multiarray algorithm, which computes expression 
values from probe-intensity values incorporating probe-sequence informa-
tion (28). Next, we employed a conservative probe-filtering step excluding 
those probes not reaching a log2 expression value of 5 in at least 1 sample, 
which resulted in the selection of a total of 23,782 probes out of the origi-
nal 54,675 set. In order to eliminate nonbiological experimental variation 
or batch effects observed across successive batches of microarray experi-
ments, we applied ComBat approach, which uses nonparametric empirical 
Bayes frameworks for data adjustment (29).

Differential expression assessment and prediction. An outline of the study 
design is depicted in Figure 1. We first used SAM (30) to identify genes 
differentially expressed between the TOL and non-TOL groups (17 and 
21 samples, respectively) within the filtered 23,782-probe set. SAM uses 
modified t test statistics for each gene of a dataset and a fudge factor to 
compute the t value, thereby controlling for unrealistically low standard 
deviations for each gene. Furthermore, SAM allows control of the FDR by 
selecting a threshold for the difference between the actual test result and 
the result obtained from repeated permutations of the tested groups. For 
the current study, we employed SAM selection using FDR of less than 5% 
and 1,000 permutations on 3 comparison groups: TOL versus non-TOL, 
TOL HCV-positive versus non-TOL HCV-positive, and TOL HCV-negative 
versus non-TOL HCV-negative. Differential gene expression was further 
explored by using the nearest shrunken centroid classifier implemented in 
the PAM (31) package to identify within the 23,782-probe set the minimal 
set of genes capable of predicting the tolerant state with an overall error 
rate of less than 5%. This method incorporates an internal cross-validation 
step during feature selection in which the model is fit on 90% of the sam-
ples and then the class of the remaining 10% is predicted. This procedure 
is repeated 10 times to compute the overall error (10-fold cross-validation). 
The PAM classifier was then used on the 38-sample set to perform mul-
tidimensional scaling analysis on the basis of between-sample Euclidean 
distances as implemented by the isoMDS function in R. This method is 
capable of visualizing high-dimensional data (such as multiple expression 
measurements) in a 3D graph in which the distances between samples are 
kept as unchanged as possible. Finally, the PAM classifier was employed to 
predict class in the set of 19 samples obtained from STA patients. Detailed 
information on the microarray expression dataset in available online 
(http://bioinfo.ciberehd.org/asf/).

Correlation of microarray data with clinical variables and PBMC subsets. The 
globaltest algorithm (32) from the Bioconductor package (http://bio-
conductor.wustl.edu/BioC2.1/bioc/html/globaltest.html) was employed 
to determine whether potentially confounding clinical variables such as 
patient age, sex, time from transplantation, HCV status, immunosuppres-
sive therapy (tacrolimus, cyclosporine A, or mycophenolate mophetil), and 
peripheral blood monocyte, lymphocyte, and neutrophil counts could be 
influencing gene-expression levels. The same strategy was employed to esti-
mate the correlation between microarray expression data and the propor-
tion of peripheral blood CD4+CD25+, CD4+Foxp3+, CD4+, CD8+, CD19+, 
NKT, total γδTCR+, Vδ1TCR+, and Vδ2TCR+ T cells. Globaltest is a method 
to determine whether the expression pattern of a prespecified group of 
genes is related to a clinical variable, which can be either a discrete variable 
or a continuous measurement. This test is based on an empirical Bayes-
ian generalized linear model, where the regression coefficients between 
gene-expression data and clinical measurements are random variables. A 
goodness-of-fit test is applied on the basis of this model. The globaltest 
method computes a statistic Q and a P value to measure the influence of 
our group of genes on the clinical variable measured. For each probe, the 
influence (Q) in predicting measured clinical variable is estimated against 

the expected value, and ranked among the probes under study. The weight 
of each probe is also assessed by the z-score considering the standard devia-
tion of each probe in all samples used in the analysis.

qPCR experiments. The expression pattern of a group of 68 target genes 
and 4 housekeeping genes (18S, GUS, HPRT1, and GAPDH) was measured 
by qPCR employing the ABI 7900 Sequence Detection System and LDA 
microfluidic PCR cards (PE Applied Biosystems) on peripheral blood sam-
ples obtained from 15 non-TOL, 16 TOL, and 16 CONT individuals. Select-
ed target genes included the 24 genes identified by PAM, 44 genes selected 
among those most highly ranked in the SAM-derived gene list, and 6 genes 
(UBD, HLA-DOB, FOXP3, LTBP3, MAN1A1, LGALS3) selected on the basis 
of previous reports (11, 23, 26, 33, 34). To quantify the levels of mRNA, we 
normalized the expression of the target genes to the housekeeping gene 
HPRT1 (which was found to be the most stably expressed gene among the 
4 housekeeping genes selected) and presented the results as relative expres-
sion between cDNA of the target samples and a calibrated sample accord-
ing to the ΔCt method. All qPCR experiments were performed in duplicate. 
Total RNA was treated with DNAse reagent (Ambion; Applied Biosystems), 
and reverse transcription performed using Multiscribed Reverse Transcrip-
tase Enzyme (PE Applied Biosystems). Results were analyzed employing 
standard 2-class unpaired t test. Reproducibility of gene expression mea-
surements was assessed by comparing interpatient and interassay variation 
in a set of qPCR experiments that included 22 genes and samples from 16 
recipients. For these experiments, 2 peripheral blood samples collected at 2 
separated time points (mean, 57 days; range, 11–244 days) were employed. 
Interassay variation was defined as the variation between PCR runs car-
ried out employing the 2 different peripheral blood samples from the same 
patient. To construct classification models containing a minimal set of 
features (genes) with the lowest possible classification error both in train-
ing and independent test sets, we employed MiPP (35) on the 34 target 
genes differentially expressed between TOL and non-TOL samples (t test;  
P < 0.05). MiPP is a recently developed method for assessing the perfor-
mance of a prediction model that computes the sum of the posterior classi-
fication probabilities penalized by the number of incorrectly classified sam-
ples. The MiPP application performs an exhaustive search for gene models 
by sequentially selecting the most predictive genes and automatically 
removing the selected genes in subsequent runs. For our analysis, we con-
ducted 10 sequential runs and employed all predictive algorithms included 
in the MiPP application (linear discriminant analysis, quadratic discrimi-
nant analysis, support vector machine learning, and logistic regression). 
Internal computational validation was performed employing both 10-fold 
cross-validation and random-split validation (number of splits = 100).  
The composite models obtained were then employed to predict tolerance 
in the independent test set of 11 TOL and 12 non-TOL samples from which 
no microarray data were available. The 3 models with a lower classification 
error rate (in training set and test set) were selected.

Peripheral blood immunophenotyping. Flow cytometry immunophenotyping 
data from PBMCs obtained from 16 TOL and 16 non-TOL recipients have 
been reported elsewhere (11). In the current study, we assessed the propor-
tion of CD4+CD25+, CD4+Foxp3+, total γδTCR+, δ1 γδTCR+, δ2 γδTCR+, 
CD19+, NK, and NKT cell subsets on peripheral blood specimens obtained 
from 19 STA recipients and from 1 TOL and 5 non-TOL recipients (from 
whom no previous data were available). Immunophenotyping results from 
all 57 recipients were employed to correlate PBMC subset frequencies with 
microarray expression data. Foxp3 fluorescent monoclonal antibodies 
were purchased from eBioscience. All remaining antibodies were purchased 
from BD Biosciences.

Peripheral blood cell sorting experiments. Positive selection of CD4+, CD8+, 
and γδTCR+ T cell subsets from Ficoll-isolated PBMCs was performed 
employing Miltenyi magnetic beads according to the manufacturer’s 
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instructions. Purity of sorted cell populations was consistently greater 
than 90%. Total RNA was extracted from CD4+, CD8+, γδTCR+, and  
non–T mononuclear cell subsets employing TRIzol reagent, and gene 
expression quantification was conducted employing qPCR as described. 
Peripheral blood samples from 5 TOL and 5 non-TOL patients were 
employed for these experiments.

Statistics. Two-tailed Student’s t test was employed to compare qPCR 
gene expression levels and immunophenotyping data. Statistical signifi-
cance was defined as P < 0.05.
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SUPPLEMENTARY MATERIAL 

 

 

RESULTS 

Functional annotation and biological relevance 

To further explore the functional relationships between specific PBMC subsets and 

tolerance-related expression patterns we dissected the molecular pathways contained in 

the microarray differential gene expression data set employing both Gene set 

enrichment analysis (GSEA) and Ingenuity Pathway Analysis (IPA). Applying GSEA to 

manually curated gene set databases (C2 MsigDB; Table S5 in Supplementary Material) 

a number of canonical pathways comprising inflammatory and immune stimulatory 

genes were significantly associated with the non-tolerant phenotype, while only the 

propanoate pathway was significantly enriched in the tolerant phenotype. We also 

investigated whether gene expression measurements could be linked to conserved 

regulatory motifs (C3 MSigDB) but this yielded no significant results. In contrast, 

exploration of computed gene expression compendiums (C4 MsigDB) revealed that the 

tolerant phenotype was highly enriched in 3 overlapping gene sets (neighbourhood of 

IL2RB, PTPN4, CD7; Table S1) altogether comprising 76 genes known to be 

preferentially expressed by NK and other cytotoxic lymphocytes such as CD8 and 

��TCR+ T cells (ref. S1). To exclude the effect of HCV infection on the functional 

profiling of operational tolerance, we then applied GSEA to compare HCV-neg TOL 

and Non-TOL recipients (Table S1). The use of C2 MsigDB to identify canonical 

pathways resulted in the detection of 3 pro-inflammatory gene sets significantly 

enriched in HCV-neg Non-TOL samples (CTLA4, CMAC and hypertrophy model 

pathways; Table S1). However, genes included within these three pathways (e.g. CD28, 

ICOS, CTLA4, JUN, TNF, IFNG, PIK3CA, ITK) were not present among the genes 



  

discriminating between HCV-neg TOL and Non-TOL as assessed by SAM at FDR<5%.  

No clear functional differences were noted between HCV-neg TOL and Non-TOL 

recipients when employing C3 MSigDB (regulatory motifs) databases, while the use of 

computed gene expression databases (C4 MsigDB) showed again enrichment in HCV-

neg TOL samples of gene sets (neighbourhood of IL2RB, PTPN4, CD97; Table S1) 

commonly expressed by NK and other cytotoxic lymphocytes (ref. S1). The use of IPA 

on the complete TOL and Non-TOL differential expression data set identified 

SAPK/JNK signalling pathway and NK cell signalling pathway as the most significant 

canonical pathways associated with tolerance (Figure S2). The stress-activated 

SAPK/JNK pathway included a number of pro-inflammatory genes (CDK4, CDK8, 

CSNK1A1, DAXX, DUSP10, MAP4K4, MAPK9, SOS1, TRA@) that were differentially 

expressed between TOL and Non-TOL samples at FDR<5% only in HCV-pos 

recipients (data not shown). In contrast, NK signalling pathway comprised genes 

(CD244, CD300A, KLRC3, KLRD1, KLRK1, SH2D1B, and SOS1) significantly up-

regulated in TOL samples at FDR<5% regardless of HCV infection (data not shown). 

Next, to understand the potential biological relevance of the most informative set of 

genes, we used IPA to functionally analyse the 45 genes differentially expressed by 

qPCR between TOL and either Non-TOL or CONT samples. IPA identified 3 partially 

overlapping networks connecting 33 out of the 45-gene list (Figure S2). The first 

network, which was built from 14 genes and received the highest IPA score, was 

centred on IL-8, NFkB and Akt and associated with cancer, cellular movement and 

immune and lymphatic system function. The second network, incorporating 13 out of 

the 45 genes, was centred on TP53 and CDKN1A and associated with cancer, cell death 

and immunological disease. The third network built on 5 genes was mostly centred 

around IL-4 and associated with cell-to-cell signalling and cellular development. Taken 



  

together, functional profiling reveals that tolerance-related expression signatures are 

highly enriched in genes involved in the regulation of innate immune cell function. 

While a number of pro-inflammatory pathways are over-represented in Non-TOL 

recipients, this appears to be mainly attributable to the effect of chronic HCV infection 

and not directly related to operational tolerance. 

 

MATERIAL AND METHODS 

Peripheral blood immunophenotyping on sorted PBMC subsets  

The expression at the protein level of 7 of the most discriminative genes identified by 

microarray and qPCR experiments (ILRB2, KLRB1, CD244, CD9, KLRF1, CD160, 

SLAMF7) was assessed on sorted PBMC subpopulations from a subset of 6 TOL, 6 

Non-TOL and 5 CONT patients. CD160 fluorescent monoclonal antibodies were 

purchased from Beckman Coulter, SLAMF7 and KLRF1 from R&D Systems. All 

remaining antibodies were purchased from BD Biosciences.  

 

Functional annotation 

Gene Set Enrichment Analysis (GSEA) was employed to identify biological pathways 

significantly associated with the tolerant state (ref. S2). In comparison to other 

strategies for analysis of molecular profiling data that focus on high scoring individual 

genes, GSEA does not employ a significance threshold and evaluates microarray data at 

the level of gene sets defined based on prior biological knowledge.  This approach has 

been reported to yield robust results even when dealing with heterogeneous samples 

with subtle sample class differences. For the current analysis (incorporating all probes 

collapsed by genes with at least one log2-expression measurement >5) gene sets were 

extracted from Molecular Signature Database (MSigDB v.2-0) C2 (manually curated 



  

canonical pathways), C3 (gene sets containing genes that share transcription factor or 

microRNA binding motifs) and C4 (computational gene sets generated in previous gene 

expression experiments) of MSigDB. Analysis were based on a t-test and a weighted 

scoring scheme with 1000 permutations on gene sets. Only gene sets with more than 15 

genes were included in the analysis. Functional profiling was also performed on 

differentially expressed genes (SAM FDR<1%) employing the computational gene 

network prediction tool Ingenuity Pathway Analysis (IPA; www.ingenuity.com). This 

commercial application maps the uploaded gene identifiers into a global molecular 

network developed from a literature-supported Ingenuity Pathways Knowledge Base 

(IPKB), and then generates networks that represent the molecular relationships between 

the genes and their products. The biological functions significantly associated with the 

genes in the networks are provided and scored employing Fischer’s exact test.  

 

FIGURE LEGENDS 

Figure S1: Differences in protein expression in peripheral mononuclear between 

TOL, Non-TOL and CONT recipients. A) Expression of ILRB2, KLRB1, CD244,  

CD9, KLRF1, CD160 and SLAMF7 on peripheral blood mononuclear cells. 

Representatitve flow cytometry histograms showing protein expression on TOL, Non-

TOL and CONT samples. B) Differences in protein expression levels between TOL, 

Non-TOL and CONT samples. Bar plots represent mean expression (% of positive cells 

or mean fluorescence intensity (MFI) depending on the marker analysed) +/- SD from 6 

TOL, 6 Non-TOL and 5 CONT samples.     (*) = P-value <0.05 (t-test) between TOL 

and Non-TOL;  (**) = P-value <0.05 (t-test) between TOL and CONT. 

 



  

Figure S2: Functional analysis of tolerance-related gene expression patterns. A) 

Identification of the canonical pathways from Ingenuity Pathways Knowledge Base 

(IPKB) most significantly associated with the genes differentially expressed between 

TOL and Non-TOL samples. Genes selected by SAM at FDR <1% were considered for 

the analysis. The significance of the association was measured on the basis of the ratio 

of the number of genes from the data set that map to the pathway divided by the total 

number of genes that map to the canonical pathway (as displayed); and a P-value 

determining the probability that the association between the genes in the data set and the 

canonical pathway is explained by chance alone (Fischer’s exact test). B-D) Gene and 

protein interaction networks defined by the 45 gene classifiers validated by qPCR. 

Three networks were built using Ingenuity Pathway Analysis (IPA) from 14 (B), 13 (C), 

and 5 (D) genes. Genes or gene products are represented as nodes and the biological 

relationship between two nodes is represented as an edge (line). The intensity of the 

node colour corresponds to up- (red) or down- (green) regulation.   
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Table S1: Functional gene set enrichment in tolerance-related differentially 

expressed gene lists (SAM; FDR<0.05) as assessed by gene-set enrichment 

analysis (GSEA) 

 
TOL / Non-TOL differential gene expression data set 
Enriched in TOL samples P-value FDR q-value Genes with highest enrichment scores 

Canonical pathways (C2 MSigDB)    

Propanoate metabolism 0.000 0.31 MCEE, ECHS1, ALDH9A1, PCCA, ALDH3A2 

Computational gene sets (C4 MSigDB)    

Neigborhood of PTPN4 0.000 0.000 Il2RB, CD160, PTGDR, KLRF1, KLRD1, KLRK1, KLRC3 

Neighborhood of IL2RB 0.000 0.000 Il2RB, CD160, PTGDR, CD244, CX3CR1, PRF1, KIR3DL1 

Neigborhood of CD7 0.000 0.000 Il2RB, CD160, PTGDR, CD244, CX3CR1, PRF1, SPON2 

Neigborhood of MATK 0.000 0.001 IL2RB, PTGDR, ARHGEF3, KLRD1, PRF1, GZMA, ZAP70 

Neigborhood of RAB7L1 0.001 0.004 IL2RB, KLRD1, KLRF1, APOBEC3G, PTGER2, BIN2, NCR3 

Neigborhood of BMPR2 0.001 0.005 WDR67, DFFB, IPO8, HDAC9, SMYD2, C22ORF9 

    

Enriched in Non-TOL samples    

Canonical pathways (C2 MSigDB)    

IL1R pathway 0.000 0.000 TRAF6, IRAK3, IL1A, IL1R1, IL1R1, NFKBIA  

Hypertrophy model 0.000 0.000 IFNG, IFDR1, VEGF, IL1A, IL1R1, ATF3 

Brest cancer estrogen signaling 0.000 0.000 ITGA6, CDKN2A, FOSL1, SLC7A5, CCNE1, VEGF 

NFAT signaling 0.000 0.009 IFNG, ITK, RELA, NFKBIB, SLA, FOS, IL8RA 

Tumor necrosis factor pathway 0.000 0.011 NFKB1, CFLAR, FADD, TNFAIP3, NFKB2, JUN 

NTHI pathway 0.000 0.014 IL8, TNF, IL1B, NFKBIA, DUSP1, RELA, MAP2K6 

CTLA4 pathway 0.006 0.013 CD28, CTLA4, ICOS, PIK3R1, ITK, CD3E, TRA@ 

CMAC pathway 0.000 0.012 TNF, JUN, NFKBIA, FOS, RELA, RAF1, MAPK3 

NFKB pathway 0.000 0.015 TNF,IL1R1, IL1A, TNFAIP3, TRAF6, RELA, FADD  

Computational gene sets (C4 MSigDB)    

Neigborhood of MMP1 0.000 0.31 CXCL1, TNFAIP6, IL6, PTX3, IL1B, CXCL3 

    

HCV-negative TOL / Non-TOL differential gene expression data set 
Enriched in TOL samples P-value FDR q-value Genes with highest enrichment scores 
Canonical pathways (C2 MSigDB)    
VIPP pathway 0.000 0.05 ERG2, ERG3, PRKAR1B 

Computational gene sets (C4 MSigDB)    

Neigborhood of PTPN4 0.000 0.000 XCL2, Il2RB, KLRC3, PTGER2, PTGDR, CD160, TUSC4 

Neighborhood of CD97 0.000 0.000 PTGER2, DOK2, RIN3, CD300A, CD244, BIN2, CX3CR1 

Neighborhood of IL2RB 0.000 0.001 XCL2, Il2RB, KLRC3, PTGER2, PTGDR, CD160,ASCL2 

Neigborhood of CD7 0.000 0.005 XCL2, Il2RB, KLRC3, PTGER2, PTGDR, CD160, TUSC4 

Neigborhood of RAB7L1 0.000 0.005 XCL2, Il2RB, KLRC3, PTGER2,BIN2, PRF1, NCR3, KLRF1 

Neigborhood of MATK 0.000 0.004 IL2RB, PTGDR, ARHGEF3,PRF1, MATK, KLRK1, KLRD1 

Neigborhood of RAP1B 0.000 0.007 BIN2, CD97, ELF4, JARID1A, VPS16, RAP2B, 

Neigborhood of JAK1 0.000 0.017 PTGER2, BIN2, ARHGEF3, CD97, NCR3, LOC54103 

    
Enriched in Non-TOL samples    
Canonical pathways     
CTLA4 pathway 0.000 0.008 ICOS, CD28, CTLA4, TRA@, PIK3CA, PÎK3R1 

CMAC pathway 0.004 0.074 JUN, TNF, FOS, RAF1, PLCB1, MAPK3, RELA 

Hypertrophy model pathway 0.010 0.082 NR4A3, IFNG, TCF8, IL1R1, HBEGF, ADAM10 

Computational gene sets (C4 MSigDB)    
Neighborhood of EIF3S6 0.000 0.005 RPL27A, RPS29, FAU, EIF3S7, RPL11, RPS8 

Neighborhood of TPT1 0.000 0.012 RPL27A, RPS29, FAU, RPL1, RPS5, RPS8, EEF2 

Neighborhood of GLTSCR2 0.000 0.011 RPS29, FAU, EEF1B, RPS9, RPL13A, RPS16 

Neighborhood of MAX 0.000 0.020 C14ORF11, CSDE1, FAM76D, ABT1, COPS2, CCDC117 

Neighborhood of NPM1 0.000 0.063 RPL27A, RPS29, FAU, NCL, EIF3S7, RPL11, RPS5, RPS8 

Neighborhood of ACTG1 0.000 0.092 RPL27A, SSR2, RPS29, FAU, NCL, RPL11, RPS5, RPS8 

Neighborhood of CEBPA 0.069 0.17 CYP1A2, HP, ORM1, CYP27A1, CYP2D6, GSTM1, CES1 
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DISCUSSION

We have previously described the efficiency of peripheral blood analysis to discriminate 

operationally tolerant recipients from those requiring ongoing immunosuppressive therapy 

after liver transplantation. The obtained data enabled a dissection of the biological 

mechanisms responsible for allograft acceptance. Despite the present study was designed 

based on our previous work, we amplified and improved the settings to obtain enhanced data 

for a better comprehension of the state of immunological tolerance. Importantly, the current 

study provided a high diagnostic accuracy in the identification of tolerant recipients, 

employing gene expression profiling of a modest number of genes using different 

transcriptional platforms, including microarrays and RT-PCR assays.  

Similarly with the preceding study, the here reported microarray analysis successfully 

classifies operationally tolerant patients from non-tolerant recipients. In addition, we also 

described a reduced number of genes capable to discriminate between the both groups of 

patients with comparable accuracy. To proof the diagnostic applicability of this 24-gene 

model, we analyzed the gene expression pattern of this classifier in 19 stable liver recipients. 

26% of analyzed patients were predicted as operationally tolerant, coinciding with the 

prevalence observed in several weaning trials with similar patients. Besides, prediction of 

tolerance correlated convincingly with the frequency of �� T cells and the ratio V�1+/V�2+ in 

peripheral blood. 

The differential effect on the gene expression pattern of several clinical variables was 

analyzed with particular attention. The recipients HCV status, coincidently with our previous 

study, highly interferes in the peripheral gene expression. However, the influence of HCV 

infection on genes strongly correlation with tolerance was weak, substantiating the capability 

of this selected pattern of genes to identify tolerant recipients independently of HCV 
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infection. Additionally, the type of immunosuppression therapy didn’t influence the gene 

expression pattern; but the time since transplantation showed a tiny association with the 

tolerance related gene signature. This observation could correlate with the clinical observation 

that with increasing posttransplant follow-up the probability to achieve the 

immunosuppression withdrawal rises. 

The correlation between the frequencies of different PBMC subsets in peripheral blood and 

the gene expression pattern associates with tolerance, provides an estimated description of 

which immune subpopulation is responsible of the expression of each gene, and consequently, 

playing a role in the molecular mechanisms related in allograft acceptance.  The current study 

revealed a predominant up-regulation of genes encoding for NK receptors in tolerant 

recipients as compared to non-tolerant patients. The high association of these genes with NK, 

CD8+, and the different �� T cells subsets has been reported in several studies. However, we 

further confirmed their correlation at gene expression level by RT-PCR analysis of isolated 

cell subsets and at protein level through immunophenotyping combined with a specific co-

staining of NK cell-surface receptors. 

The gene expression analysis by RT-PCR successfully validated the most informative genes 

selected from the microarray experiment. Additionally, the relative quantification of the 

selected genes by RT-PCR assay proved to discriminate tolerant liver recipient with high 

precision. Remarkably, we were able to identify 3 different models comprising from 2 to 7 

genes each, capable to discriminate the tolerance status in both the training and the 

independent validation sets. Consequently, the effective employment of this gene expression 

methodology confirmed the reproducibility of our results using a different transcriptional 

platform, complimenting the required steps to complete a proper molecular biomarker.    
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The comparison of peripheral blood between operationally tolerant liver recipients and 

healthy non-transplanted controls could constitute a useful strategy to define the mechanisms 

responsible of allograft acceptance. Half of the genes related to tolerance, exhibited 

expression differences comparing tolerant patients and healthy controls. We also described 

the variability in the frequencies of some NK receptor proteins employing extracellular 

staining of specific subpopulation between both groups of patients. This data suggests the 

development of various active tolerogenic mechanisms, principally exercised for innate 

immune cells, to protect the liver allograft in operational tolerance; instead of the 

reorganization of the recipient immune system to passively recognize the allograft as self. 

Additionally, we also compared the gene expression patterns between operationally tolerant 

liver and kidney recipients to define a common functional profile of allograft acceptance. 

Despite methodological limitation caused by the employment of two different microarray 

platforms and differences in the designation of patient, the comparison of specific functional 

pathways suggested that operational tolerance in kidney and liver is achieved through 

different immune mechanisms.  

Importantly, the results obtained in the current study do not only confirm that multiparameter 

analysis of peripheral blood is informative to describe liver tolerance, but also reveals that the 

measurement of relative expression levels of a small set of genes using a straightforward 

method accurately discriminates operationally tolerant liver recipients from those that depend 

on immunosuppression. This constitutes the first step for a future utilization of this assay as a 

predictive diagnostic test of tolerance. However, validation of our findings in a well 

controlled prospective immunosuppression therapy withdrawal trial is required to fully 

confirm these potentially valuable findings in clinic application. 
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CONCLUSIONS AND FUTURE ASPECTS
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CONCLUSIONS

The results obtained in the studies included in this thesis allow us to conclude: 

1.- Peripheral blood of operationally tolerant liver recipients exhibit a number of  

immunophenotypic and gene expression features  that are characteristic of the tolerance state.  

2.- Gene expression profiling can discriminate between tolerant and 

immunosuppression-dependent  (non-tolerant) liver transplant recipients employing a very 

modest number of genes. 

3.- Tolerant recipients exhibit an increased number of CD4+CD25+FOXP3+, ���T cells 

and V�1+ T cells in peripheral blood. 

4.- V�1+ T cell expansion is the cause of the augmented number of total ���T cells and 

leads to a reversal of the normal ratio of V�1+/V�2+ subsets in peripheral blood of 

operationally tolerant liver recipients. 

5.-  The gene expression program of V�1+ T cells and NK cells differs between tolerant 

and non-tolerant recipients. Some of these differences can also be demonstrated at the protein 

level. 

6.- Immunological characteristics of tolerant liver recipients are distinct from non-

transplanted healthy individuals. This suggests that an active mechanism is likely to be 

involved in the maintenance of allograft acceptance in the absence of immunosuppression.   
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7.- The expression signature associated with operational liver allograft tolerance is 

mainly characterized by enrichment in genes encoding for a variety of NK cell-surface 

receptors expressed by NK and ���T cells, suggesting a central role of innate immunity in the 

maintenance of the tolerant state. 

8.- Longer post-transplant follow-up could increase the likelihood of successful 

immunosuppression withdrawal based on the significant correlation between the expression of 

tolerance-related genes and the time elapsed since transplantation.  

9.- HCV infection has a remarkable influence on peripheral blood gene expression 

patterns following liver transplantation. This is characterized by enrichment of various pro-

inflammatory functional pathways. 

10.- The predictive accuracy of the tolerance-related gene expression pattern is not 

affected by HCV infection. This variable has to be taken into account however, and explored 

in more depth in future studies with a higher proportion of HCV-infected recipients.  

11.- Prospective trials in a controlled immunosuppression weaning are necessary to 

validate our results. 

Collectively our results conclude that peripheral blood immune monitoring is useful to 

accurately identify operationally liver recipients and to identify some of the potential 

mechanisms responsible for tolerance maintenance. The employment of these newly 

identified biomarkers as a tolerance “footprint” could constitute a diagnostic tool to 

predict the success of immunosuppression withdrawal process. 
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PRESPECTIVES AND RELEVANCE

The results detailed in this thesis constitute the outcome of five years of research done in our 

group. The principal aim was the characterization of the immune response during the 

development of operational tolerance in liver recipients. The resulting observations could 

contribute to the better understanding of the responsible mechanisms of graft acceptance 

without ongoing immunosuppressive treatment.  

Although several studies had already described this phenomenon in tolerant patients by 

analyzing specific parameters in peripheral blood (e.g. immune cell subpopulation 

frequencies), our investigation represents a significant advance in the ongoing effort to 

describe the tolerance state, by employing exhaustive gene expression analysis for the first 

time in liver transplant patients. Moreover, the use of whole genome microarrays and the 

detailed immunophenotyping of cell subsets was not the only improvement to other studies. 

Here, the restrictive validation steps and a better selection of patient group settings achieved 

highly confident results. 

Furthermore, the characterization of liver tolerance accomplished in our lab could validate the 

observations described by other research groups, such as the main role of �� T cells and NK 

cells in the maintenance of liver tolerance. However, the methodology employed in our 

studies allowed a deeper description of the molecular basis of these mechanisms. 

Consequently, these finding provided the discovery of several new biomarkers defining the 

tolerance state with a high applicability in the clinic.  

The clinical application of genomic expression analysis in transplantation immunology has 

already provided significant information about immune responses following the engraftment. 

Specific expressional signatures of allograft rejection have been described in human kidney, 
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liver, heart and lung. However, the identification of a relatively small set of robust markers 

that can distinguish tolerant from non-tolerant liver transplant recipients and also from healthy 

individuals provides a major step forward in the prediction of tolerance. These findings 

translate into a new means for a prospective selection of liver transplant patients who could 

benefit from immunosuppression withdrawal and ultimately may guide development of 

tolerogenic therapies that allow for induction of allograft acceptance without the use of long-

term immunosuppression. 

Although these results already have potential relevance for the clinic, a further validation step 

is necessary before our biomarkers can be routinely used as a diagnostic tool to predict 

tolerance. The gene expression differences observed between tolerant and non-tolerant 

patients could theoretically be generated by an expressional bias produced solely by the 

presence or absence of immunosuppressive therapy. Critically, a prospective 

immunosuppression treatment withdrawal trial in well controlled liver recipients is required to 

confirm our findings. This will provide the definitive evidence for the observed gene 

expression differences between tolerant and non-tolerant liver recipients in comparable 

situations before weaning off immunosuppression.  

Furthermore, our immune characterization paints a picture of tolerance at the systemic level 

by focusing on peripheral blood. It is otherwise also likely that the causative immune 

regulation takes place in the liver. Despite the increased risk and inconvenience for the 

patients, an intrahepatic immune monitoring could reveal the key for the acquisition of 

tolerance. Another open question is if the applicability of our identified gene expression 

signature can be extended to recipients of other types of organ and tissue grafts. Bioinformatic 

tools to cross-validate gene expression results from different organs can be used to confirm 

the possibility of a universal conclusion of these biomarkers for transplant tolerance. 
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However, it is reasonable that differences in organs, treatment regimens and degrees of tissues 

compatibility will alter the profile of tolerance in individual patients.  

The present studies could be used as a reference for several potentially new projects in the 

research of transplant immunology. We described the important impact of HCV infection on 

peripheral gene expression. Further attention must be given to hepatic infections which could 

affect future tolerogenic projects. In addition to these considerations, we believe necessary 

that supplementary studies focused on the activation state of NK cells and �� T cells during 

the induction of transplantation tolerance. 

Moreover, recent publications show the significant role of the epigenetic control on the gene 

expression pattern. The employment of several assays to describe the methylation state of 

particular genes in each subpopulation or the correlation of different transcription factors 

could help to uncover other mechanisms responsible for tolerance establishment. 

 

 

 

 

 

 



BIBLIOGRAPHY 

 

133 

 

 

 

 

 

 

 

 

 

 

 

 

 

BIBLIOGRAPHY

 

 

 

 

 



                                                                                                                                                       BIBLIOGRAPHY 

 

 

134 

1. Carrel A, Guthrie CC. Functions of a Transplanted Kidney. Science. 1905 Oct 

13;22(563):473. 

2. Carrel A, Guthrie CC. Successful Transplantation of Both Kidneys from a Dog into a 

Bitch with Removal of Both Normal Kidneys from the Latter. Science. 1906 Mar 

9;23(584):394-5. 

3. Bogdanov AP. [Dynamics of elaboration of immunologic memory to transplantation 

antigens]. Biull Eksp Biol Med. 1972 Sep;73(9):70-4. 

4. Bach FH. Genetics of transplantation: the major histocompatibility complex. Annu Rev 

Genet. 1976;10:319-39. 

5. Mariani T, Martinez C, Smith JM, Good RA. Induction of immunological tolerance to 

male skin isografts in female mice subsequent to neonatal period. Proc Soc Exp Biol 

Med. 1959 Aug-Sep;101:596-9. 

6. McDonald JC, Kappelman MD, McCracken BH, Hornung MO. Relative importance of 

cellular and humoral immunity in human renal transplantation. Ann Surg. 1971 

Oct;174(4):602-8. 

7. Janeway CA, Jr., Medzhitov R. Innate immune recognition. Annu Rev Immunol. 

2002;20:197-216. 

8. Land WG. The role of postischemic reperfusion injury and other nonantigen-dependent 

inflammatory pathways in transplantation. Transplantation. 2005 Mar 15;79(5):505-14. 

9. Wu H, Chen G, Wyburn KR, Yin J, Bertolino P, Eris JM, et al. TLR4 activation 

mediates kidney ischemia/reperfusion injury. J Clin Invest. 2007 Oct;117(10):2847-59. 

10. Schnare M, Barton GM, Holt AC, Takeda K, Akira S, Medzhitov R. Toll-like receptors 

control activation of adaptive immune responses. Nat Immunol. 2001 Oct;2(10):947-50. 

11. Seino K, Taniguchi M. Functional roles of NKT cell in the immune system. Front 

Biosci. 2004 Sep 1;9:2577-87. 

12. Mak TW, Ferrick DA. The gammadelta T-cell bridge: linking innate and acquired 

immunity. Nat Med. 1998 Jul;4(7):764-5. 

13. Moser B, Brandes M. Gammadelta T cells: an alternative type of professional APC. 

Trends Immunol. 2006 Mar;27(3):112-8. 



BIBLIOGRAPHY 

 

135 

14. Jiang S, Lechler RI. Regulatory T cells in the control of transplantation tolerance and 

autoimmunity. Am J Transplant. 2003 May;3(5):516-24. 

15. Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, Murphy KM, et al. 

Interleukin 17-producing CD4+ effector T cells develop via a lineage distinct from the 

T helper type 1 and 2 lineages. Nat Immunol. 2005 Nov;6(11):1123-32. 

16. Chavez-Galan L, Arenas-Del Angel MC, Zenteno E, Chavez R, Lascurain R. Cell death 

mechanisms induced by cytotoxic lymphocytes. Cell Mol Immunol. 2009 Feb;6(1):15-

25. 

17. Reinherz EL, Tan K, Tang L, Kern P, Liu J, Xiong Y, et al. The crystal structure of a T 

cell receptor in complex with peptide and MHC class II. Science. 1999 Dec 

3;286(5446):1913-21. 

18. Horejsi V, Zhang W, Schraven B. Transmembrane adaptor proteins: organizers of 

immunoreceptor signalling. Nat Rev Immunol. 2004 Aug;4(8):603-16. 

19. Klein J, Sato A. The HLA system. First of two parts. N Engl J Med. 2000 Sep 

7;343(10):702-9. 

20. Nikolich-Zugich J, Slifka MK, Messaoudi I. The many important facets of T-cell 

repertoire diversity. Nat Rev Immunol. 2004 Feb;4(2):123-32. 

21. Frauwirth KA, Thompson CB. Activation and inhibition of lymphocytes by 

costimulation. J Clin Invest. 2002 Feb;109(3):295-9. 

22. Sun ZW, Qiu YH, Shi YJ, Tao R, Chen J, Ge Y, et al. Time courses of B7 family 

molecules expressed on activated T-cells and their biological significance. Cell 

Immunol. 2005 Jul-Aug;236(1-2):146-53. 

23. Quezada SA, Jarvinen LZ, Lind EF, Noelle RJ. CD40/CD154 interactions at the 

interface of tolerance and immunity. Annu Rev Immunol. 2004;22:307-28. 

24. Greenwald RJ, Freeman GJ, Sharpe AH. The B7 family revisited. Annu Rev Immunol. 

2005;23:515-48. 

25. Izawa A, Yamaura K, Albin MJ, Jurewicz M, Tanaka K, Clarkson MR, et al. A novel 

alloantigen-specific CD8+PD1+ regulatory T cell induced by ICOS-B7h blockade in 

vivo. J Immunol. 2007 Jul 15;179(2):786-96. 



                                                                                                                                                       BIBLIOGRAPHY 

 

 

136 

26. Matzinger P. The danger model: a renewed sense of self. Science. 2002 Apr 

12;296(5566):301-5. 

27. Demetris AJ, Qian S, Sun H, Fung JJ, Yagihashi A, Murase N, et al. Early events in 

liver allograft rejection. Delineation of sites of simultaneous intragraft and recipient 

lymphoid tissue sensitization. Am J Pathol. 1991 Mar;138(3):609-18. 

28. Renna-Molajoni E, Cinti P, Evangelista B, Orlandini AM, Molajoni J, Cocciolo PL, et 

al. Role of the indirect recognition pathway in the development of chronic liver allograft 

rejection. Transplant Proc. 1998 Aug;30(5):2140-1. 

29. Suchin EJ, Langmuir PB, Palmer E, Sayegh MH, Wells AD, Turka LA. Quantifying the 

frequency of alloreactive T cells in vivo: new answers to an old question. J Immunol. 

2001 Jan 15;166(2):973-81. 

30. Simpson E. Minor transplantation antigens: mouse models for human host-versus-graft, 

graft-versus-host and graft-versus-leukemia reactions. Arch Immunol Ther Exp 

(Warsz). 1998;46(6):331-9. 

31. Rogers NJ, Lechler RI. Allorecognition. Am J Transplant. 2001 Jul;1(2):97-102. 

32. Le Moine A, Goldman M, Abramowicz D. Multiple pathways to allograft rejection. 

Transplantation. 2002 May 15;73(9):1373-81. 

33. Grandtnerova B, Mackova N, Hovoricova B, Jahnova E. Hyperacute rejection of living 

related kidney grafts caused by endothelial cell-specific antibodies: case reports. 

Transplant Proc. 2008 Sep;40(7):2422-4. 

34. Alegre ML, Florquin S, Goldman M. Cellular mechanisms underlying acute graft 

rejection: time for reassessment. Curr Opin Immunol. 2007 Oct;19(5):563-8. 

35. Sayegh MH. Why do we reject a graft? Role of indirect allorecognition in graft 

rejection. Kidney Int. 1999 Nov;56(5):1967-79. 

36. Libby P, Pober JS. Chronic rejection. Immunity. 2001 Apr;14(4):387-97. 

37. Hernandez-Fuentes MP, Lechler RI. Chronic graft loss. Immunological and non-

immunological factors. Contrib Nephrol. 2005;146:54-64. 

38. Post DJ, Douglas DD, Mulligan DC. Immunosuppression in liver transplantation. Liver 

Transpl. 2005 Nov;11(11):1307-14. 



BIBLIOGRAPHY 

 

137 

39. Halloran PF. Immunosuppressive drugs for kidney transplantation. N Engl J Med. 2004 

Dec 23;351(26):2715-29. 

40. Pirsch JD, Miller J, Deierhoi MH, Vincenti F, Filo RS. A comparison of tacrolimus 

(FK506) and cyclosporine for immunosuppression after cadaveric renal transplantation. 

FK506 Kidney Transplant Study Group. Transplantation. 1997 Apr 15;63(7):977-83. 

41. Neuhaus P, Klupp J, Langrehr JM. mTOR inhibitors: an overview. Liver Transpl. 2001 

Jun;7(6):473-84. 

42. Sehgal SN. Sirolimus: its discovery, biological properties, and mechanism of action. 

Transplant Proc. 2003 May;35(3 Suppl):7S-14S. 

43. Olivera-Martinez MA, Gallegos-Orozco JF. Recurrent viral liver disease (hepatitis B 

and C) after liver transplantation. Arch Med Res. 2007 Aug;38(6):691-701. 

44. Gutierrez-Dalmau A, Campistol JM. Immunosuppressive therapy and malignancy in 

organ transplant recipients: a systematic review. Drugs. 2007;67(8):1167-98. 

45. Ojo AO, Held PJ, Port FK, Wolfe RA, Leichtman AB, Young EW, et al. Chronic renal 

failure after transplantation of a nonrenal organ. N Engl J Med. 2003 Sep 

4;349(10):931-40. 

46. Kahan BD. Individuality: the barrier to optimal immunosuppression. Nat Rev Immunol. 

2003 Oct;3(10):831-8. 

47. Fang KC. Clinical utilities of peripheral blood gene expression profiling in the 

management of cardiac transplant patients. J Immunotoxicol. 2007 Jul;4(3):209-17. 

48. Ashton-Chess J, Giral M, Soulillou JP, Brouard S. Can immune monitoring help to 

minimize immunosuppression in kidney transplantation? Transpl Int. 2009 

Jan;22(1):110-9. 

49. Sawitzki B, Pascher A, Babel N, Reinke P, Volk HD. Can we use biomarkers and 

functional assays to implement personalized therapies in transplantation? 

Transplantation. 2009 Jun 15;87(11):1595-601. 

50. Billingham RE, Brent L, Medawar PB. Actively acquired tolerance of foreign cells. 

Nature. 1953 Oct 3;172(4379):603-6. 



                                                                                                                                                       BIBLIOGRAPHY 

 

 

138 

51. Wood KJ, Sakaguchi S. Regulatory T cells in transplantation tolerance. Nat Rev 

Immunol. 2003 Mar;3(3):199-210. 

52. Sayegh MH, Carpenter CB. Transplantation 50 years later--progress, challenges, and 

promises. N Engl J Med. 2004 Dec 23;351(26):2761-6. 

53. Orlando G, Soker S, Wood K. Operational tolerance after liver transplantation. J 

Hepatol. 2009 Jun;50(6):1247-57. 

54. Lerut J, Sanchez-Fueyo A. An appraisal of tolerance in liver transplantation. Am J 

Transplant. 2006 Aug;6(8):1774-80. 

55. Hall BM. Mechanisms of induction of tolerance to organ allografts. Crit Rev Immunol. 

2000;20(4):267-324. 

56. Manilay JO, Pearson DA, Sergio JJ, Swenson KG, Sykes M. Intrathymic deletion of 

alloreactive T cells in mixed bone marrow chimeras prepared with a nonmyeloablative 

conditioning regimen. Transplantation. 1998 Jul 15;66(1):96-102. 

57. Lechler RI, Garden OA, Turka LA. The complementary roles of deletion and regulation 

in transplantation tolerance. Nat Rev Immunol. 2003 Feb;3(2):147-58. 

58. Simpson E. A historical perspective on immunological privilege. Immunol Rev. 2006 

Oct;213:12-22. 

59. Appleman LJ, Boussiotis VA. T cell anergy and costimulation. Immunol Rev. 2003 

Apr;192:161-80. 

60. Bishop GA, Sun J, Sheil AG, McCaughan GW. High-dose/activation-associated 

tolerance: a mechanism for allograft tolerance. Transplantation. 1997 Nov 

27;64(10):1377-82. 

61. Jiang S, Lechler RI, He XS, Huang JF. Regulatory T cells and transplantation tolerance. 

Hum Immunol. 2006 Oct;67(10):765-76. 

62. Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M. Immunologic self-tolerance 

maintained by activated T cells expressing IL-2 receptor alpha-chains (CD25). 

Breakdown of a single mechanism of self-tolerance causes various autoimmune 

diseases. J Immunol. 1995 Aug 1;155(3):1151-64. 



BIBLIOGRAPHY 

 

139 

63. Hall BM, Pearce NW, Gurley KE, Dorsch SE. Specific unresponsiveness in rats with 

prolonged cardiac allograft survival after treatment with cyclosporine. III. Further 

characterization of the CD4+ suppressor cell and its mechanisms of action. J Exp Med. 

1990 Jan 1;171(1):141-57. 

64. Jonuleit H, Schmitt E, Stassen M, Tuettenberg A, Knop J, Enk AH. Identification and 

functional characterization of human CD4(+)CD25(+) T cells with regulatory properties 

isolated from peripheral blood. J Exp Med. 2001 Jun 4;193(11):1285-94. 

65. Thornton AM, Shevach EM. Suppressor effector function of CD4+CD25+ 

immunoregulatory T cells is antigen nonspecific. J Immunol. 2000 Jan 1;164(1):183-90. 

66. Sakaguchi S. Naturally arising CD4+ regulatory t cells for immunologic self-tolerance 

and negative control of immune responses. Annu Rev Immunol. 2004;22:531-62. 

67. Jordan MS, Boesteanu A, Reed AJ, Petrone AL, Holenbeck AE, Lerman MA, et al. 

Thymic selection of CD4+CD25+ regulatory T cells induced by an agonist self-peptide. 

Nat Immunol. 2001 Apr;2(4):301-6. 

68. Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell development by the 

transcription factor Foxp3. Science. 2003 Feb 14;299(5609):1057-61. 

69. Bennett CL, Christie J, Ramsdell F, Brunkow ME, Ferguson PJ, Whitesell L, et al. The 

immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome (IPEX) is 

caused by mutations of FOXP3. Nat Genet. 2001 Jan;27(1):20-1. 

70. Banham AH. Cell-surface IL-7 receptor expression facilitates the purification of 

FOXP3(+) regulatory T cells. Trends Immunol. 2006 Dec;27(12):541-4. 

71. Bickerstaff AA, VanBuskirk AM, Wakely E, Orosz CG. Transforming growth factor-

beta and interleukin-10 subvert alloreactive delayed type hypersensitivity in cardiac 

allograft acceptor mice. Transplantation. 2000 Apr 15;69(7):1517-20. 

72. Nakamura K, Kitani A, Strober W. Cell contact-dependent immunosuppression by 

CD4(+)CD25(+) regulatory T cells is mediated by cell surface-bound transforming 

growth factor beta. J Exp Med. 2001 Sep 3;194(5):629-44. 

73. Kingsley CI, Karim M, Bushell AR, Wood KJ. CD25+CD4+ regulatory T cells prevent 

graft rejection: CTLA-4- and IL-10-dependent immunoregulation of alloresponses. J 

Immunol. 2002 Feb 1;168(3):1080-6. 



                                                                                                                                                       BIBLIOGRAPHY 

 

 

140 

74. Josien R, Douillard P, Guillot C, Muschen M, Anegon I, Chetritt J, et al. A critical role 

for transforming growth factor-beta in donor transfusion-induced allograft tolerance. J 

Clin Invest. 1998 Dec 1;102(11):1920-6. 

75. Grossman WJ, Verbsky JW, Barchet W, Colonna M, Atkinson JP, Ley TJ. Human T 

regulatory cells can use the perforin pathway to cause autologous target cell death. 

Immunity. 2004 Oct;21(4):589-601. 

76. Baron U, Floess S, Wieczorek G, Baumann K, Grutzkau A, Dong J, et al. DNA 

demethylation in the human FOXP3 locus discriminates regulatory T cells from 

activated FOXP3(+) conventional T cells. Eur J Immunol. 2007 Sep;37(9):2378-89. 

77. Hoffmann P, Boeld TJ, Eder R, Huehn J, Floess S, Wieczorek G, et al. Loss of FOXP3 

expression in natural human CD4+CD25+ regulatory T cells upon repetitive in vitro 

stimulation. Eur J Immunol. 2009 Apr;39(4):1088-97. 

78. Levings MK, Sangregorio R, Galbiati F, Squadrone S, de Waal Malefyt R, Roncarolo 

MG. IFN-alpha and IL-10 induce the differentiation of human type 1 T regulatory cells. 

J Immunol. 2001 May 1;166(9):5530-9. 

79. Barrat FJ, Cua DJ, Boonstra A, Richards DF, Crain C, Savelkoul HF, et al. In vitro 

generation of interleukin 10-producing regulatory CD4(+) T cells is induced by 

immunosuppressive drugs and inhibited by T helper type 1 (Th1)- and Th2-inducing 

cytokines. J Exp Med. 2002 Mar 4;195(5):603-16. 

80. Jonuleit H, Schmitt E, Schuler G, Knop J, Enk AH. Induction of interleukin 10-

producing, nonproliferating CD4(+) T cells with regulatory properties by repetitive 

stimulation with allogeneic immature human dendritic cells. J Exp Med. 2000 Nov 

6;192(9):1213-22. 

81. Battaglia M, Stabilini A, Draghici E, Gregori S, Mocchetti C, Bonifacio E, et al. 

Rapamycin and interleukin-10 treatment induces T regulatory type 1 cells that mediate 

antigen-specific transplantation tolerance. Diabetes. 2006 Jan;55(1):40-9. 

82. Faria AM, Weiner HL. Oral tolerance. Immunol Rev. 2005 Aug;206:232-59. 

83. Niederkorn JY, Mayhew E. Phenotypic analysis of oral tolerance to alloantigens: 

evidence that the indirect pathway of antigen presentation is involved. Transplantation. 

2002 May 15;73(9):1493-500. 



BIBLIOGRAPHY 

 

141 

84. Vivier E, Tomasello E, Baratin M, Walzer T, Ugolini S. Functions of natural killer 

cells. Nat Immunol. 2008 May;9(5):503-10. 

85. Beilke JN, Kuhl NR, Van Kaer L, Gill RG. NK cells promote islet allograft tolerance 

via a perforin-dependent mechanism. Nat Med. 2005 Oct;11(10):1059-65. 

86. Yu G, Xu X, Vu MD, Kilpatrick ED, Li XC. NK cells promote transplant tolerance by 

killing donor antigen-presenting cells. J Exp Med. 2006 Aug 7;203(8):1851-8. 

87. Riley JK, Yokoyama WM. NK cell tolerance and the maternal-fetal interface. Am J 

Reprod Immunol. 2008 May;59(5):371-87. 

88. Kronenberg M. Toward an understanding of NKT cell biology: progress and paradoxes. 

Annu Rev Immunol. 2005;23:877-900. 

89. Wilson SB, Kent SC, Patton KT, Orban T, Jackson RA, Exley M, et al. Extreme Th1 

bias of invariant Valpha24JalphaQ T cells in type 1 diabetes. Nature. 1998 Jan 

8;391(6663):177-81. 

90. Sumida T, Sakamoto A, Murata H, Makino Y, Takahashi H, Yoshida S, et al. Selective 

reduction of T cells bearing invariant V alpha 24J alpha Q antigen receptor in patients 

with systemic sclerosis. J Exp Med. 1995 Oct 1;182(4):1163-8. 

91. Sonoda KH, Faunce DE, Taniguchi M, Exley M, Balk S, Stein-Streilein J. NK T cell-

derived IL-10 is essential for the differentiation of antigen-specific T regulatory cells in 

systemic tolerance. J Immunol. 2001 Jan 1;166(1):42-50. 

92. Terabe M, Matsui S, Noben-Trauth N, Chen H, Watson C, Donaldson DD, et al. NKT 

cell-mediated repression of tumor immunosurveillance by IL-13 and the IL-4R-STAT6 

pathway. Nat Immunol. 2000 Dec;1(6):515-20. 

93. Zeng D, Lewis D, Dejbakhsh-Jones S, Lan F, Garcia-Ojeda M, Sibley R, et al. Bone 

marrow NK1.1(-) and NK1.1(+) T cells reciprocally regulate acute graft versus host 

disease. J Exp Med. 1999 Apr 5;189(7):1073-81. 

94. Seino KI, Fukao K, Muramoto K, Yanagisawa K, Takada Y, Kakuta S, et al. 

Requirement for natural killer T (NKT) cells in the induction of allograft tolerance. Proc 

Natl Acad Sci U S A. 2001 Feb 27;98(5):2577-81. 



                                                                                                                                                       BIBLIOGRAPHY 

 

 

142 

95. Jiang X, Shimaoka T, Kojo S, Harada M, Watarai H, Wakao H, et al. Cutting edge: 

critical role of CXCL16/CXCR6 in NKT cell trafficking in allograft tolerance. J 

Immunol. 2005 Aug 15;175(4):2051-5. 

96. Kiyomoto T, Ito T, Uchikoshi F, Ohkawa A, Akamaru Y, Miao G, et al. The potent role 

of graft-derived NKR-P1+TCRalphabeta+ T (NKT) cells in the spontaneous acceptance 

of rat liver allografts. Transplantation. 2005 Dec 27;80(12):1749-55. 

97. Hayday A, Tigelaar R. Immunoregulation in the tissues by gammadelta T cells. Nat Rev 

Immunol. 2003 Mar;3(3):233-42. 

98. Skelsey ME, Mellon J, Niederkorn JY. Gamma delta T cells are needed for ocular 

immune privilege and corneal graft survival. J Immunol. 2001 Apr 1;166(7):4327-33. 

99. Kapp JA, Kapp LM, McKenna KC. Gammadelta T cells play an essential role in several 

forms of tolerance. Immunol Res. 2004;29(1-3):93-102. 

100. Locke NR, Stankovic S, Funda DP, Harrison LC. TCR gamma delta intraepithelial 

lymphocytes are required for self-tolerance. J Immunol. 2006 Jun 1;176(11):6553-9. 

101. Gorczynski RM. Adoptive transfer of unresponsiveness to allogeneic skin grafts with 

hepatic gamma delta + T cells. Immunology. 1994 Jan;81(1):27-35. 

102. Gorczynski RM, Chen Z, Hoang Y, Rossi-Bergman B. A subset of gamma delta T-cell 

receptor-positive cells produce T-helper type-2 cytokines and regulate mouse skin graft 

rejection following portal venous pretransplant preimmunization. Immunology. 1996 

Mar;87(3):381-9. 

103. Ke Y, Pearce K, Lake JP, Ziegler HK, Kapp JA. Gamma delta T lymphocytes regulate 

the induction and maintenance of oral tolerance. J Immunol. 1997 Apr 15;158(8):3610-

8. 

104. Malan Borel I, Racca A, Garcia MI, Bailat A, Quiroga F, Soutullo A, et al. Gammadelta 

T cells and interleukin-6 levels could provide information regarding the progression of 

human renal allograft. Scand J Immunol. 2003 Jul;58(1):99-105. 

105. Li Y, Koshiba T, Yoshizawa A, Yonekawa Y, Masuda K, Ito A, et al. Analyses of 

peripheral blood mononuclear cells in operational tolerance after pediatric living donor 

liver transplantation. Am J Transplant. 2004 Dec;4(12):2118-25. 



BIBLIOGRAPHY 

 

143 

106. Maeda Y, Reddy P, Lowler KP, Liu C, Bishop DK, Ferrara JL. Critical role of host 

gammadelta T cells in experimental acute graft-versus-host disease. Blood. 2005 Jul 

15;106(2):749-55. 

107. Peng G, Wang HY, Peng W, Kiniwa Y, Seo KH, Wang RF. Tumor-infiltrating 

gammadelta T cells suppress T and dendritic cell function via mechanisms controlled by 

a unique toll-like receptor signaling pathway. Immunity. 2007 Aug;27(2):334-48. 

108. Ashour HM, Niederkorn JY. Gammadelta T cells promote anterior chamber-associated 

immune deviation and immune privilege through their production of IL-10. J Immunol. 

2006 Dec 15;177(12):8331-7. 

109. Ponomarev ED, Dittel BN. Gamma delta T cells regulate the extent and duration of 

inflammation in the central nervous system by a Fas ligand-dependent mechanism. J 

Immunol. 2005 Apr 15;174(8):4678-87. 

110. Kapp JA, Kapp LM, McKenna KC, Lake JP. gammadelta T-cell clones from intestinal 

intraepithelial lymphocytes inhibit development of CTL responses ex vivo. 

Immunology. 2004 Feb;111(2):155-64. 

111. Lanzavecchia A, Sallusto F. Regulation of T cell immunity by dendritic cells. Cell. 

2001 Aug 10;106(3):263-6. 

112. Barratt-Boyes SM, Thomson AW. Dendritic cells: tools and targets for transplant 

tolerance. Am J Transplant. 2005 Dec;5(12):2807-13. 

113. Morelli AE, Thomson AW. Tolerogenic dendritic cells and the quest for transplant 

tolerance. Nat Rev Immunol. 2007 Aug;7(8):610-21. 

114. Lechler R, Ng WF, Steinman RM. Dendritic cells in transplantation--friend or foe? 

Immunity. 2001 Apr;14(4):357-68. 

115. Steinman RM, Hawiger D, Nussenzweig MC. Tolerogenic dendritic cells. Annu Rev 

Immunol. 2003;21:685-711. 

116. Fadok VA, Bratton DL, Konowal A, Freed PW, Westcott JY, Henson PM. 

Macrophages that have ingested apoptotic cells in vitro inhibit proinflammatory 

cytokine production through autocrine/paracrine mechanisms involving TGF-beta, 

PGE2, and PAF. J Clin Invest. 1998 Feb 15;101(4):890-8. 



                                                                                                                                                       BIBLIOGRAPHY 

 

 

144 

117. Munn DH, Sharma MD, Lee JR, Jhaver KG, Johnson TS, Keskin DB, et al. Potential 

regulatory function of human dendritic cells expressing indoleamine 2,3-dioxygenase. 

Science. 2002 Sep 13;297(5588):1867-70. 

118. Chauveau C, Remy S, Royer PJ, Hill M, Tanguy-Royer S, Hubert FX, et al. Heme 

oxygenase-1 expression inhibits dendritic cell maturation and proinflammatory function 

but conserves IL-10 expression. Blood. 2005 Sep 1;106(5):1694-702. 

119. Lu L, Bonham CA, Liang X, Chen Z, Li W, Wang L, et al. Liver-derived 

DEC205+B220+CD19- dendritic cells regulate T cell responses. J Immunol. 2001 Jun 

15;166(12):7042-52. 

120. Ochando JC, Homma C, Yang Y, Hidalgo A, Garin A, Tacke F, et al. Alloantigen-

presenting plasmacytoid dendritic cells mediate tolerance to vascularized grafts. Nat 

Immunol. 2006 Jun;7(6):652-62. 

121. Mazariegos GV, Zahorchak AF, Reyes J, Ostrowski L, Flynn B, Zeevi A, et al. 

Dendritic cell subset ratio in peripheral blood correlates with successful withdrawal of 

immunosuppression in liver transplant patients. Am J Transplant. 2003 Jun;3(6):689-96. 

122. Najafian N, Chitnis T, Salama AD, Zhu B, Benou C, Yuan X, et al. Regulatory 

functions of CD8+CD28- T cells in an autoimmune disease model. J Clin Invest. 2003 

Oct;112(7):1037-48. 

123. Baeten D, Louis S, Braud C, Braudeau C, Ballet C, Moizant F, et al. Phenotypically and 

functionally distinct CD8+ lymphocyte populations in long-term drug-free tolerance and 

chronic rejection in human kidney graft recipients. J Am Soc Nephrol. 2006 

Jan;17(1):294-304. 

124. Colovai AI, Mirza M, Vlad G, Wang S, Ho E, Cortesini R, et al. Regulatory 

CD8+CD28- T cells in heart transplant recipients. Hum Immunol. 2003 Jan;64(1):31-7. 

125. Sindhi R, Manavalan JS, Magill A, Suciu-Foca N, Zeevi A. Reduced 

immunosuppression in pediatric liver-intestine transplant recipients with CD8+CD28- 

T-suppressor cells. Hum Immunol. 2005 Mar;66(3):252-7. 

126. Manavalan JS, Kim-Schulze S, Scotto L, Naiyer AJ, Vlad G, Colombo PC, et al. 

Alloantigen specific CD8+CD28- FOXP3+ T suppressor cells induce ILT3+ ILT4+ 



BIBLIOGRAPHY 

 

145 

tolerogenic endothelial cells, inhibiting alloreactivity. Int Immunol. 2004 

Aug;16(8):1055-68. 

127. Lee BP, Mansfield E, Hsieh SC, Hernandez-Boussard T, Chen W, Thomson CW, et al. 

Expression profiling of murine double-negative regulatory T cells suggest mechanisms 

for prolonged cardiac allograft survival. J Immunol. 2005 Apr 15;174(8):4535-44. 

128. Young KJ, Yang L, Phillips MJ, Zhang L. Donor-lymphocyte infusion induces 

transplantation tolerance by activating systemic and graft-infiltrating double-negative 

regulatory T cells. Blood. 2002 Nov 1;100(9):3408-14. 

129. Lee BP, Chen W, Shi H, Der SD, Forster R, Zhang L. CXCR5/CXCL13 interaction is 

important for double-negative regulatory T cell homing to cardiac allografts. J 

Immunol. 2006 May 1;176(9):5276-83. 

130. Chai JG, Bartok I, Chandler P, Vendetti S, Antoniou A, Dyson J, et al. Anergic T cells 

act as suppressor cells in vitro and in vivo. Eur J Immunol. 1999 Feb;29(2):686-92. 

131. Frasca L, Carmichael P, Lechler R, Lombardi G. Anergic T cells effect linked 

suppression. Eur J Immunol. 1997 Dec;27(12):3191-7. 

132. Bashuda H, Kimikawa M, Seino K, Kato Y, Ono F, Shimizu A, et al. Renal allograft 

rejection is prevented by adoptive transfer of anergic T cells in nonhuman primates. J 

Clin Invest. 2005 Jul;115(7):1896-902. 

133. Starzl TE, Demetris AJ, Murase N, Ildstad S, Ricordi C, Trucco M. Cell migration, 

chimerism, and graft acceptance. Lancet. 1992 Jun 27;339(8809):1579-82. 

134. Remuzzi G. Cellular basis of long-term organ transplant acceptance: pivotal role of 

intrathymic clonal deletion and thymic dependence of bone marrow microchimerism-

associated tolerance. Am J Kidney Dis. 1998 Feb;31(2):197-212. 

135. Sykes M, Szot GL, Swenson KA, Pearson DA. Induction of high levels of allogeneic 

hematopoietic reconstitution and donor-specific tolerance without myelosuppressive 

conditioning. Nat Med. 1997 Jul;3(7):783-7. 

136. Fuchimoto Y, Huang CA, Yamada K, Shimizu A, Kitamura H, Colvin RB, et al. Mixed 

chimerism and tolerance without whole body irradiation in a large animal model. J Clin 

Invest. 2000 Jun;105(12):1779-89. 



                                                                                                                                                       BIBLIOGRAPHY 

 

 

146 

137. Kawai T, Sogawa H, Boskovic S, Abrahamian G, Smith RN, Wee SL, et al. CD154 

blockade for induction of mixed chimerism and prolonged renal allograft survival in 

nonhuman primates. Am J Transplant. 2004 Sep;4(9):1391-8. 

138. Wekerle T, Kurtz J, Ito H, Ronquillo JV, Dong V, Zhao G, et al. Allogeneic bone 

marrow transplantation with co-stimulatory blockade induces macrochimerism and 

tolerance without cytoreductive host treatment. Nat Med. 2000 Apr;6(4):464-9. 

139. Spitzer TR, Delmonico F, Tolkoff-Rubin N, McAfee S, Sackstein R, Saidman S, et al. 

Combined histocompatibility leukocyte antigen-matched donor bone marrow and renal 

transplantation for multiple myeloma with end stage renal disease: the induction of 

allograft tolerance through mixed lymphohematopoietic chimerism. Transplantation. 

1999 Aug 27;68(4):480-4. 

140. Buhler LH, Spitzer TR, Sykes M, Sachs DH, Delmonico FL, Tolkoff-Rubin N, et al. 

Induction of kidney allograft tolerance after transient lymphohematopoietic chimerism 

in patients with multiple myeloma and end-stage renal disease. Transplantation. 2002 

Nov 27;74(10):1405-9. 

141. Scandling JD, Busque S, Dejbakhsh-Jones S, Benike C, Millan MT, Shizuru JA, et al. 

Tolerance and chimerism after renal and hematopoietic-cell transplantation. N Engl J 

Med. 2008 Jan 24;358(4):362-8. 

142. Kawai T, Cosimi AB, Spitzer TR, Tolkoff-Rubin N, Suthanthiran M, Saidman SL, et al. 

HLA-mismatched renal transplantation without maintenance immunosuppression. N 

Engl J Med. 2008 Jan 24;358(4):353-61. 

143. Golshayan D, Buhler L, Lechler RI, Pascual M. From current immunosuppressive 

strategies to clinical tolerance of allografts. Transpl Int. 2007 Jan;20(1):12-24. 

144. Knechtle SJ, Vargo D, Fechner J, Zhai Y, Wang J, Hanaway MJ, et al. FN18-CRM9 

immunotoxin promotes tolerance in primate renal allografts. Transplantation. 1997 Jan 

15;63(1):1-6. 

145. Thomas JM, Eckhoff DE, Contreras JL, Lobashevsky AL, Hubbard WJ, Moore JK, et 

al. Durable donor-specific T and B cell tolerance in rhesus macaques induced with 

peritransplantation anti-CD3 immunotoxin and deoxyspergualin: absence of chronic 

allograft nephropathy. Transplantation. 2000 Jun 27;69(12):2497-503. 



BIBLIOGRAPHY 

 

147 

146. Hirshberg B, Preston EH, Xu H, Tal MG, Neeman Z, Bunnell D, et al. Rabbit 

antithymocyte globulin induction and sirolimus monotherapy supports prolonged islet 

allograft function in a nonhuman primate islet transplantation model. Transplantation. 

2003 Jul 15;76(1):55-60. 

147. Swanson SJ, Hale DA, Mannon RB, Kleiner DE, Cendales LC, Chamberlain CE, et al. 

Kidney transplantation with rabbit antithymocyte globulin induction and sirolimus 

monotherapy. Lancet. 2002 Nov 23;360(9346):1662-4. 

148. Kirk AD, Hale DA, Mannon RB, Kleiner DE, Hoffmann SC, Kampen RL, et al. Results 

from a human renal allograft tolerance trial evaluating the humanized CD52-specific 

monoclonal antibody alemtuzumab (CAMPATH-1H). Transplantation. 2003 Jul 

15;76(1):120-9. 

149. Shapiro R, Jordan ML, Basu A, Scantlebury V, Potdar S, Tan HP, et al. Kidney 

transplantation under a tolerogenic regimen of recipient pretreatment and low-dose 

postoperative immunosuppression with subsequent weaning. Ann Surg. 2003 

Oct;238(4):520-5; discussion 5-7. 

150. Zheng XX, Sanchez-Fueyo A, Sho M, Domenig C, Sayegh MH, Strom TB. Favorably 

tipping the balance between cytopathic and regulatory T cells to create transplantation 

tolerance. Immunity. 2003 Oct;19(4):503-14. 

151. Alegre ML, Najafian N. Costimulatory molecules as targets for the induction of 

transplantation tolerance. Curr Mol Med. 2006 Dec;6(8):843-57. 

152. Preston EH, Xu H, Dhanireddy KK, Pearl JP, Leopardi FV, Starost MF, et al. IDEC-131 

(anti-CD154), sirolimus and donor-specific transfusion facilitate operational tolerance 

in non-human primates. Am J Transplant. 2005 May;5(5):1032-41. 

153. Game DS, Hernandez-Fuentes MP, Lechler RI. Everolimus and basiliximab permit 

suppression by human CD4+CD25+ cells in vitro. Am J Transplant. 2005 

Mar;5(3):454-64. 

154. Baan CC, van der Mast BJ, Klepper M, Mol WM, Peeters AM, Korevaar SS, et al. 

Differential effect of calcineurin inhibitors, anti-CD25 antibodies and rapamycin on the 

induction of FOXP3 in human T cells. Transplantation. 2005 Jul 15;80(1):110-7. 



                                                                                                                                                       BIBLIOGRAPHY 

 

 

148 

155. Alegre ML, Frauwirth KA, Thompson CB. T-cell regulation by CD28 and CTLA-4. Nat 

Rev Immunol. 2001 Dec;1(3):220-8. 

156. Vincenti F, Larsen C, Durrbach A, Wekerle T, Nashan B, Blancho G, et al. 

Costimulation blockade with belatacept in renal transplantation. N Engl J Med. 2005 

Aug 25;353(8):770-81. 

157. Koshiba T, Ji P, Tanaka K, McMaster P, Van Damme B, Waer M, et al. Tolerance 

induction with FTY720 and donor-specific blood transfusion: discrepancy between 

heart transplantation and intestinal transplantation. Transplant Proc. 2000 

Sep;32(6):1255-7. 

158. Brinkmann V, Cyster JG, Hla T. FTY720: sphingosine 1-phosphate receptor-1 in the 

control of lymphocyte egress and endothelial barrier function. Am J Transplant. 2004 

Jul;4(7):1019-25. 

159. Vincenti F, Mendez R, Pescovitz M, Rajagopalan PR, Wilkinson AH, Butt K, et al. A 

phase I/II randomized open-label multicenter trial of efalizumab, a humanized anti-

CD11a, anti-LFA-1 in renal transplantation. Am J Transplant. 2007 Jul;7(7):1770-7. 

160. Golshayan D, Jiang S, Tsang J, Garin MI, Mottet C, Lechler RI. In vitro-expanded 

donor alloantigen-specific CD4+CD25+ regulatory T cells promote experimental 

transplantation tolerance. Blood. 2007 Jan 15;109(2):827-35. 

161. Jiang S, Camara N, Lombardi G, Lechler RI. Induction of allopeptide-specific human 

CD4+CD25+ regulatory T cells ex vivo. Blood. 2003 Sep 15;102(6):2180-6. 

162. Dieckmann D, Plottner H, Berchtold S, Berger T, Schuler G. Ex vivo isolation and 

characterization of CD4(+)CD25(+) T cells with regulatory properties from human 

blood. J Exp Med. 2001 Jun 4;193(11):1303-10. 

163. Koenen HJ, Fasse E, Joosten I. IL-15 and cognate antigen successfully expand de novo-

induced human antigen-specific regulatory CD4+ T cells that require antigen-specific 

activation for suppression. J Immunol. 2003 Dec 15;171(12):6431-41. 

164. Taner T, Hackstein H, Wang Z, Morelli AE, Thomson AW. Rapamycin-treated, 

alloantigen-pulsed host dendritic cells induce ag-specific T cell regulation and prolong 

graft survival. Am J Transplant. 2005 Feb;5(2):228-36. 



BIBLIOGRAPHY 

 

149 

165. Wu Z, Bensinger SJ, Zhang J, Chen C, Yuan X, Huang X, et al. Homeostatic 

proliferation is a barrier to transplantation tolerance. Nat Med. 2004 Jan;10(1):87-92. 

166. Zheng XX, Sanchez-Fueyo A, Domenig C, Strom TB. The balance of deletion and 

regulation in allograft tolerance. Immunol Rev. 2003 Dec;196:75-84. 

167. Zuber J, Brodin-Sartorius A, Thervet E, Legendre C. Cyclosporine abrogates de novo 

generation of Tregs independently of IL-2. Am J Transplant. 2007 Nov;7(11):2645; 

author reply 6. 

168. San Segundo D, Fabrega E, Lopez-Hoyos M, Pons F. Reduced numbers of blood 

natural regulatory T cells in stable liver transplant recipients with high levels of 

calcineurin inhibitors. Transplant Proc. 2007 Sep;39(7):2290-2. 

169. Kopf H, de la Rosa GM, Howard OM, Chen X. Rapamycin inhibits differentiation of 

Th17 cells and promotes generation of FoxP3+ T regulatory cells. Int 

Immunopharmacol. 2007 Dec 15;7(13):1819-24. 

170. Lee BO, Hartson L, Randall TD. CD40-deficient, influenza-specific CD8 memory T 

cells develop and function normally in a CD40-sufficient environment. J Exp Med. 

2003 Dec 1;198(11):1759-64. 

171. Fujinami RS, von Herrath MG, Christen U, Whitton JL. Molecular mimicry, bystander 

activation, or viral persistence: infections and autoimmune disease. Clin Microbiol Rev. 

2006 Jan;19(1):80-94. 

172. Lu LF, Lind EF, Gondek DC, Bennett KA, Gleeson MW, Pino-Lagos K, et al. Mast 

cells are essential intermediaries in regulatory T-cell tolerance. Nature. 2006 Aug 

31;442(7106):997-1002. 

173. Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, et al. Reciprocal 

developmental pathways for the generation of pathogenic effector TH17 and regulatory 

T cells. Nature. 2006 May 11;441(7090):235-8. 

174. Lakkis FG, Sayegh MH. Memory T cells: a hurdle to immunologic tolerance. J Am Soc 

Nephrol. 2003 Sep;14(9):2402-10. 

175. Adams AB, Williams MA, Jones TR, Shirasugi N, Durham MM, Kaech SM, et al. 

Heterologous immunity provides a potent barrier to transplantation tolerance. J Clin 

Invest. 2003 Jun;111(12):1887-95. 



                                                                                                                                                       BIBLIOGRAPHY 

 

 

150 

176. Adams AB, Pearson TC, Larsen CP. Heterologous immunity: an overlooked barrier to 

tolerance. Immunol Rev. 2003 Dec;196:147-60. 

177. Welsh RM, Selin LK. No one is naive: the significance of heterologous T-cell 

immunity. Nat Rev Immunol. 2002 Jun;2(6):417-26. 

178. Selin LK, Cornberg M, Brehm MA, Kim SK, Calcagno C, Ghersi D, et al. CD8 

memory T cells: cross-reactivity and heterologous immunity. Semin Immunol. 2004 

Oct;16(5):335-47. 

179. Selin LK, Brehm MA, Naumov YN, Cornberg M, Kim SK, Clute SC, et al. Memory of 

mice and men: CD8+ T-cell cross-reactivity and heterologous immunity. Immunol Rev. 

2006 Jun;211:164-81. 

180. Thompson AJ, Locarnini SA. Toll-like receptors, RIG-I-like RNA helicases and the 

antiviral innate immune response. Immunol Cell Biol. 2007 Aug-Sep;85(6):435-45. 

181. Tu Z, Bozorgzadeh A, Crispe IN, Orloff MS. The activation state of human intrahepatic 

lymphocytes. Clin Exp Immunol. 2007 Jul;149(1):186-93. 

182. Jinushi M, Takehara T, Tatsumi T, Kanto T, Groh V, Spies T, et al. Expression and role 

of MICA and MICB in human hepatocellular carcinomas and their regulation by 

retinoic acid. Int J Cancer. 2003 Apr 10;104(3):354-61. 

183. Geissmann F, Cameron TO, Sidobre S, Manlongat N, Kronenberg M, Briskin MJ, et al. 

Intravascular immune surveillance by CXCR6+ NKT cells patrolling liver sinusoids. 

PLoS Biol. 2005 Apr;3(4):e113. 

184. Godfrey DI, Kronenberg M. Going both ways: immune regulation via CD1d-dependent 

NKT cells. J Clin Invest. 2004 Nov;114(10):1379-88. 

185. Dao T, Mehal WZ, Crispe IN. IL-18 augments perforin-dependent cytotoxicity of liver 

NK-T cells. J Immunol. 1998 Sep 1;161(5):2217-22. 

186. Kenna T, Golden-Mason L, Norris S, Hegarty JE, O'Farrelly C, Doherty DG. Distinct 

subpopulations of gamma delta T cells are present in normal and tumor-bearing human 

liver. Clin Immunol. 2004 Oct;113(1):56-63. 

187. Tseng CT, Miskovsky E, Houghton M, Klimpel GR. Characterization of liver T-cell 

receptor gammadelta T cells obtained from individuals chronically infected with 



BIBLIOGRAPHY 

 

151 

hepatitis C virus (HCV): evidence for these T cells playing a role in the liver pathology 

associated with HCV infections. Hepatology. 2001 May;33(5):1312-20. 

188. D'Ombrain MC, Hansen DS, Simpson KM, Schofield L. gammadelta-T cells expressing 

NK receptors predominate over NK cells and conventional T cells in the innate IFN-

gamma response to Plasmodium falciparum malaria. Eur J Immunol. 2007 

Jul;37(7):1864-73. 

189. Hamada S, Umemura M, Shiono T, Tanaka K, Yahagi A, Begum MD, et al. IL-17A 

produced by gammadelta T cells plays a critical role in innate immunity against listeria 

monocytogenes infection in the liver. J Immunol. 2008 Sep 1;181(5):3456-63. 

190. Doherty DG, O'Farrelly C. Dendritic cells: regulators of hepatic immunity or tolerance? 

J Hepatol. 2001 Jan;34(1):156-60. 

191. Hsu W, Shu SA, Gershwin E, Lian ZX. The current immune function of hepatic 

dendritic cells. Cell Mol Immunol. 2007 Oct;4(5):321-8. 

192. Jomantaite I, Dikopoulos N, Kroger A, Leithauser F, Hauser H, Schirmbeck R, et al. 

Hepatic dendritic cell subsets in the mouse. Eur J Immunol. 2004 Feb;34(2):355-65. 

193. De Creus A, Abe M, Lau AH, Hackstein H, Raimondi G, Thomson AW. Low TLR4 

expression by liver dendritic cells correlates with reduced capacity to activate allogeneic 

T cells in response to endotoxin. J Immunol. 2005 Feb 15;174(4):2037-45. 

194. Knolle P, Schlaak J, Uhrig A, Kempf P, Meyer zum Buschenfelde KH, Gerken G. 

Human Kupffer cells secrete IL-10 in response to lipopolysaccharide (LPS) challenge. J 

Hepatol. 1995 Feb;22(2):226-9. 

195. Miyagawa-Hayashino A, Tsuruyama T, Egawa H, Haga H, Sakashita H, Okuno T, et al. 

FasL expression in hepatic antigen-presenting cells and phagocytosis of apoptotic T 

cells by FasL+ Kupffer cells are indicators of rejection activity in human liver 

allografts. Am J Pathol. 2007 Nov;171(5):1499-508. 

196. Tu Z, Bozorgzadeh A, Pierce RH, Kurtis J, Crispe IN, Orloff MS. TLR-dependent cross 

talk between human Kupffer cells and NK cells. J Exp Med. 2008 Jan 21;205(1):233-

44. 

197. Knolle PA, Limmer A. Neighborhood politics: the immunoregulatory function of organ-

resident liver endothelial cells. Trends Immunol. 2001 Aug;22(8):432-7. 



                                                                                                                                                       BIBLIOGRAPHY 

 

 

152 

198. Knolle PA, Schmitt E, Jin S, Germann T, Duchmann R, Hegenbarth S, et al. Induction 

of cytokine production in naive CD4(+) T cells by antigen-presenting murine liver 

sinusoidal endothelial cells but failure to induce differentiation toward Th1 cells. 

Gastroenterology. 1999 Jun;116(6):1428-40. 

199. Limmer A, Ohl J, Kurts C, Ljunggren HG, Reiss Y, Groettrup M, et al. Efficient 

presentation of exogenous antigen by liver endothelial cells to CD8+ T cells results in 

antigen-specific T-cell tolerance. Nat Med. 2000 Dec;6(12):1348-54. 

200. Paik YH, Schwabe RF, Bataller R, Russo MP, Jobin C, Brenner DA. Toll-like receptor 

4 mediates inflammatory signaling by bacterial lipopolysaccharide in human hepatic 

stellate cells. Hepatology. 2003 May;37(5):1043-55. 

201. Winau F, Quack C, Darmoise A, Kaufmann SH. Starring stellate cells in liver 

immunology. Curr Opin Immunol. 2008 Feb;20(1):68-74. 

202. Strober W. Vitamin A rewrites the ABCs of oral tolerance. Mucosal Immunol. 2008 

Mar;1(2):92-5. 

203. Yu MC, Chen CH, Liang X, Wang L, Gandhi CR, Fung JJ, et al. Inhibition of T-cell 

responses by hepatic stellate cells via B7-H1-mediated T-cell apoptosis in mice. 

Hepatology. 2004 Dec;40(6):1312-21. 

204. Norris S, Collins C, Doherty DG, Smith F, McEntee G, Traynor O, et al. Resident 

human hepatic lymphocytes are phenotypically different from circulating lymphocytes. 

J Hepatol. 1998 Jan;28(1):84-90. 

205. Klugewitz K, Adams DH, Emoto M, Eulenburg K, Hamann A. The composition of 

intrahepatic lymphocytes: shaped by selective recruitment? Trends Immunol. 2004 

Nov;25(11):590-4. 

206. Pruvot FR, Navarro F, Janin A, Labalette M, Masy E, Lecomte-Houcke M, et al. 

Characterization, quantification, and localization of passenger T lymphocytes and NK 

cells in human liver before transplantation. Transpl Int. 1995;8(4):273-9. 

207. Liew FY. T(H)1 and T(H)2 cells: a historical perspective. Nat Rev Immunol. 2002 

Jan;2(1):55-60. 



BIBLIOGRAPHY 

 

153 

208. Lan RY, Salunga TL, Tsuneyama K, Lian ZX, Yang GX, Hsu W, et al. Hepatic IL-17 

responses in human and murine primary biliary cirrhosis. J Autoimmun. 2009 

Feb;32(1):43-51. 

209. Bochtler P, Riedl P, Gomez I, Schirmbeck R, Reimann J. Local accumulation and 

activation of regulatory Foxp3+ CD4 T(R) cells accompanies the appearance of 

activated CD8 T cells in the liver. Hepatology. 2008 Dec;48(6):1954-63. 

210. Carambia A, Herkel J. CD4 T cells in hepatic immune tolerance. J Autoimmun. 2009 

Aug 29. 

211. Lee YC, Lu L, Fu F, Li W, Thomson AW, Fung JJ, et al. Hepatocytes and liver 

nonparenchymal cells induce apoptosis in activated T cells. Transplant Proc. 1999 Feb-

Mar;31(1-2):784. 

212. Bertolino P, Trescol-Biemont MC, Rabourdin-Combe C. Hepatocytes induce functional 

activation of naive CD8+ T lymphocytes but fail to promote survival. Eur J Immunol. 

1998 Jan;28(1):221-36. 

213. Warren A, Le Couteur DG, Fraser R, Bowen DG, McCaughan GW, Bertolino P. T 

lymphocytes interact with hepatocytes through fenestrations in murine liver sinusoidal 

endothelial cells. Hepatology. 2006 Nov;44(5):1182-90. 

214. Yoneyama H, Matsuno K, Zhang Y, Murai M, Itakura M, Ishikawa S, et al. Regulation 

by chemokines of circulating dendritic cell precursors, and the formation of portal tract-

associated lymphoid tissue, in a granulomatous liver disease. J Exp Med. 2001 Jan 

1;193(1):35-49. 

215. Crispe IN, Dao T, Klugewitz K, Mehal WZ, Metz DP. The liver as a site of T-cell 

apoptosis: graveyard, or killing field? Immunol Rev. 2000 Apr;174:47-62. 

216. Garcia-Monzon C, Sanchez-Madrid F, Garcia-Buey L, Garcia-Arroyo A, Garcia-

Sanchez A, Moreno-Otero R. Vascular adhesion molecule expression in viral chronic 

hepatitis: evidence of neoangiogenesis in portal tracts. Gastroenterology. 1995 

Jan;108(1):231-41. 

217. Hiramatsu N, Hayashi N, Katayama K, Mochizuki K, Kawanishi Y, Kasahara A, et al. 

Immunohistochemical detection of Fas antigen in liver tissue of patients with chronic 

hepatitis C. Hepatology. 1994 Jun;19(6):1354-9. 



                                                                                                                                                       BIBLIOGRAPHY 

 

 

154 

218. Mochizuki K, Hayashi N, Katayama K, Hiramatsu N, Kanto T, Mita E, et al. B7/BB-1 

expression and hepatitis activity in liver tissues of patients with chronic hepatitis C. 

Hepatology. 1997 Mar;25(3):713-8. 

219. van Oosten M, van de Bilt E, de Vries HE, van Berkel TJ, Kuiper J. Vascular adhesion 

molecule-1 and intercellular adhesion molecule-1 expression on rat liver cells after 

lipopolysaccharide administration in vivo. Hepatology. 1995 Nov;22(5):1538-46. 

220. Faure E, Thomas L, Xu H, Medvedev A, Equils O, Arditi M. Bacterial 

lipopolysaccharide and IFN-gamma induce Toll-like receptor 2 and Toll-like receptor 4 

expression in human endothelial cells: role of NF-kappa B activation. J Immunol. 2001 

Feb 1;166(3):2018-24. 

221. Benseler V, McCaughan GW, Schlitt HJ, Bishop GA, Bowen DG, Bertolino P. The 

liver: a special case in transplantation tolerance. Semin Liver Dis. 2007 May;27(2):194-

213. 

222. Calne RY, Sells RA, Pena JR, Davis DR, Millard PR, Herbertson BM, et al. Induction 

of immunological tolerance by porcine liver allografts. Nature. 1969 Aug 

2;223(5205):472-6. 

223. Yang R, Liu Q, Grosfeld JL, Pescovitz MD. Intestinal venous drainage through the liver 

is a prerequisite for oral tolerance induction. J Pediatr Surg. 1994 Aug;29(8):1145-8. 

224. Kamada N, Calne RY. A surgical experience with five hundred thirty liver transplants 

in the rat. Surgery. 1983 Jan;93(1 Pt 1):64-9. 

225. Qian S, Demetris AJ, Murase N, Rao AS, Fung JJ, Starzl TE. Murine liver allograft 

transplantation: tolerance and donor cell chimerism. Hepatology. 1994 Apr;19(4):916-

24. 

226. Kamada N. Animal models of hepatic allograft rejection. Semin Liver Dis. 1992 

Feb;12(1):1-15. 

227. Schlitt HJ, Kanehiro H, Raddatz G, Steinhoff G, Richter N, Nashan B, et al. Persistence 

of donor lymphocytes in liver allograft recipients. Transplantation. 1993 

Oct;56(4):1001-7. 



BIBLIOGRAPHY 

 

155 

228. Bishop GA, Sun J, DeCruz DJ, Rokahr KL, Sedgwick JD, Sheil AG, et al. Tolerance to 

rat liver allografts. III. Donor cell migration and tolerance-associated cytokine 

production in peripheral lymphoid tissues. J Immunol. 1996 Jun 15;156(12):4925-31. 

229. Murase N, Ye Q, Sakamoto T, Terakura M, Demetris AJ, Thomson AW, et al. Effect in 

supralethally irradiated rats of granulocyte colony-stimulating factor and lisofylline on 

hematopoietic reconstitution by syngeneic bone marrow or whole organ passenger 

leukocytes. Transplantation. 1997 Jun 27;63(12):1840-3. 

230. Sun J, McCaughan GW, Gallagher ND, Sheil AG, Bishop GA. Deletion of spontaneous 

rat liver allograft acceptance by donor irradiation. Transplantation. 1995 Aug 

15;60(3):233-6. 

231. Yan Y, Shastry S, Richards C, Wang C, Bowen DG, Sharland AF, et al. Posttransplant 

administration of donor leukocytes induces long-term acceptance of kidney or liver 

transplants by an activation-associated immune mechanism. J Immunol. 2001 Apr 

15;166(8):5258-64. 

232. Bishop GA, Wang C, Sharland AF, McCaughan G. Spontaneous acceptance of liver 

transplants in rodents: evidence that liver leucocytes induce recipient T-cell death by 

neglect. Immunol Cell Biol. 2002 Feb;80(1):93-100. 

233. Ng IO, Chan KL, Shek WH, Lee JM, Fong DY, Lo CM, et al. High frequency of 

chimerism in transplanted livers. Hepatology. 2003 Oct;38(4):989-98. 

234. Bonilla WV, Geuking MB, Aichele P, Ludewig B, Hengartner H, Zinkernagel RM. 

Microchimerism maintains deletion of the donor cell-specific CD8+ T cell repertoire. J 

Clin Invest. 2006 Jan;116(1):156-62. 

235. Sivasai KS, Alevy YG, Duffy BF, Brennan DC, Singer GG, Shenoy S, et al. Peripheral 

blood microchimerism in human liver and renal transplant recipients: rejection despite 

donor-specific chimerism. Transplantation. 1997 Aug 15;64(3):427-32. 

236. Girlanda R, Rela M, Williams R, O'Grady JG, Heaton ND. Long-term outcome of 

immunosuppression withdrawal after liver transplantation. Transplant Proc. 2005 

May;37(4):1708-9. 

237. Wood K, Sachs DH. Chimerism and transplantation tolerance: cause and effect. 

Immunol Today. 1996 Dec;17(12):584-7; discussion 8. 



                                                                                                                                                       BIBLIOGRAPHY 

 

 

156 

238. Sriwatanawongsa V, Davies HS, Calne RY. The essential roles of parenchymal tissues 

and passenger leukocytes in the tolerance induced by liver grafting in rats. Nat Med. 

1995 May;1(5):428-32. 

239. Bertolino P, Bowen DG, McCaughan GW, Fazekas de St Groth B. Antigen-specific 

primary activation of CD8+ T cells within the liver. J Immunol. 2001 May 

1;166(9):5430-8. 

240. Qian S, Lu L, Fu F, Li Y, Li W, Starzl TE, et al. Apoptosis within spontaneously 

accepted mouse liver allografts: evidence for deletion of cytotoxic T cells and 

implications for tolerance induction. J Immunol. 1997 May 15;158(10):4654-61. 

241. John B, Crispe IN. Passive and active mechanisms trap activated CD8+ T cells in the 

liver. J Immunol. 2004 May 1;172(9):5222-9. 

242. Sharland A, Yan Y, Wang C, Bowen DG, Sun J, Sheil AG, et al. Evidence that 

apoptosis of activated T cells occurs in spontaneous tolerance of liver allografts and is 

blocked by manipulations which break tolerance. Transplantation. 1999 Dec 

15;68(11):1736-45. 

243. Dong H, Zhu G, Tamada K, Flies DB, van Deursen JM, Chen L. B7-H1 determines 

accumulation and deletion of intrahepatic CD8(+) T lymphocytes. Immunity. 2004 

Mar;20(3):327-36. 

244. Goddard S, Youster J, Morgan E, Adams DH. Interleukin-10 secretion differentiates 

dendritic cells from human liver and skin. Am J Pathol. 2004 Feb;164(2):511-9. 

245. Yamazaki S, Inaba K, Tarbell KV, Steinman RM. Dendritic cells expand antigen-

specific Foxp3+ CD25+ CD4+ regulatory T cells including suppressors of 

alloreactivity. Immunol Rev. 2006 Aug;212:314-29. 

246. Duncan SR, Capetanakis NG, Lawson BR, Theofilopoulos AN. Thymic dendritic cells 

traffic to thymi of allogeneic recipients and prolong graft survival. J Clin Invest. 2002 

Mar;109(6):755-64. 

247. Bonasio R, Scimone ML, Schaerli P, Grabie N, Lichtman AH, von Andrian UH. Clonal 

deletion of thymocytes by circulating dendritic cells homing to the thymus. Nat 

Immunol. 2006 Oct;7(10):1092-100. 



BIBLIOGRAPHY 

 

157 

248. Knoop M, Pratt JR, Hutchinson IV. Evidence of alloreactive T suppressor cells in the 

maintenance phase of spontaneous tolerance after orthotopic liver transplantation in the 

rat. Transplantation. 1994 May 27;57(10):1512-5. 

249. Li W, Carper K, Liang Y, Zheng XX, Kuhr CS, Reyes JD, et al. Anti-CD25 mAb 

administration prevents spontaneous liver transplant tolerance. Transplant Proc. 2006 

Dec;38(10):3207-8. 

250. Kataoka M, Margenthaler JA, Ku G, Eilers M, Flye MW. "Infectious tolerance" 

develops after the spontaneous acceptance of Lewis-to-Dark Agouti rat liver transplants. 

Surgery. 2003 Aug;134(2):227-34. 

251. Codarri L, Vallotton L, Ciuffreda D, Venetz JP, Garcia M, Hadaya K, et al. Expansion 

and tissue infiltration of an allospecific CD4+CD25+CD45RO+IL-7Ralphahigh cell 

population in solid organ transplant recipients. J Exp Med. 2007 Jul 9;204(7):1533-41. 

252. Radziewicz H, Ibegbu CC, Fernandez ML, Workowski KA, Obideen K, Wehbi M, et al. 

Liver-infiltrating lymphocytes in chronic human hepatitis C virus infection display an 

exhausted phenotype with high levels of PD-1 and low levels of CD127 expression. J 

Virol. 2007 Mar;81(6):2545-53. 

253. Iwai Y, Terawaki S, Ikegawa M, Okazaki T, Honjo T. PD-1 inhibits antiviral immunity 

at the effector phase in the liver. J Exp Med. 2003 Jul 7;198(1):39-50. 

254. Day CL, Kaufmann DE, Kiepiela P, Brown JA, Moodley ES, Reddy S, et al. PD-1 

expression on HIV-specific T cells is associated with T-cell exhaustion and disease 

progression. Nature. 2006 Sep 21;443(7109):350-4. 

255. Godkin A, Jeanguet N, Thursz M, Openshaw P, Thomas H. Characterization of novel 

HLA-DR11-restricted HCV epitopes reveals both qualitative and quantitative 

differences in HCV-specific CD4+ T cell responses in chronically infected and non-

viremic patients. Eur J Immunol. 2001 May;31(5):1438-46. 

256. Janssen EM, Droin NM, Lemmens EE, Pinkoski MJ, Bensinger SJ, Ehst BD, et al. 

CD4+ T-cell help controls CD8+ T-cell memory via TRAIL-mediated activation-

induced cell death. Nature. 2005 Mar 3;434(7029):88-93. 



                                                                                                                                                       BIBLIOGRAPHY 

 

 

158 

257. Bowen DG, Zen M, Holz L, Davis T, McCaughan GW, Bertolino P. The site of primary 

T cell activation is a determinant of the balance between intrahepatic tolerance and 

immunity. J Clin Invest. 2004 Sep;114(5):701-12. 

258. Cecka JM. The role of HLA in renal transplantation. Hum Immunol. 1997 Aug-

Sep;56(1-2):6-16. 

259. Neumann UP, Guckelberger O, Langrehr JM, Lang M, Schmitz V, Theruvath T, et al. 

Impact of human leukocyte antigen matching in liver transplantation. Transplantation. 

2003 Jan 15;75(1):132-7. 

260. Sharrock CE, Kaminski E, Man S. Limiting dilution analysis of human T cells: a useful 

clinical tool. Immunol Today. 1990 Aug;11(8):281-6. 

261. Van Hoffen E, Polen E, Robertus-Teunissen M, De Jonge N, Lahpor JR, Gmelig-

Meyling FH, et al. High frequency of IL-4 producing helper T lymphocytes associated 

with a reduced incidence of heart allograft rejection. Transpl Int. 2000;13 Suppl 1:S216-

24. 

262. van der Mast BJ, van Besouw NM, de Kuiper P, Vaessen LM, Gregoor PJ, JN IJ, et al. 

Pretransplant donor-specific helper T cell reactivity as a tool for tailoring the individual 

need for immunosuppression. Transplantation. 2001 Sep 15;72(5):873-80. 

263. Sanchez-Fueyo A, Weber M, Domenig C, Strom TB, Zheng XX. Tracking the 

immunoregulatory mechanisms active during allograft tolerance. J Immunol. 2002 Mar 

1;168(5):2274-81. 

264. Hernandez-Fuentes MP, Salama A. In vitro assays for immune monitoring in 

transplantation. Methods Mol Biol. 2006;333:269-90. 

265. Kim SH, Oh EJ, Ghee JY, Song HK, Han DH, Yoon HE, et al. Clinical significance of 

monitoring circulating CD4+CD25+ regulatory T cells in kidney transplantation during 

the early posttransplant period. J Korean Med Sci. 2009 Jan;24 Suppl:S135-42. 

266. Ashton-Chess J, Giral M, Soulillou JP, Brouard S. Using biomarkers of tolerance and 

rejection to identify high- and low-risk patients following kidney transplantation. 

Transplantation. 2009 May 15;87(9 Suppl):S95-9. 



BIBLIOGRAPHY 

 

159 

267. VanBuskirk AM, Burlingham WJ, Jankowska-Gan E, Chin T, Kusaka S, Geissler F, et 

al. Human allograft acceptance is associated with immune regulation. J Clin Invest. 

2000 Jul;106(1):145-55. 

268. McKenna RM, Takemoto SK, Terasaki PI. Anti-HLA antibodies after solid organ 

transplantation. Transplantation. 2000 Feb 15;69(3):319-26. 

269. Sester U, Gartner BC, Wilkens H, Schwaab B, Wossner R, Kindermann I, et al. 

Differences in CMV-specific T-cell levels and long-term susceptibility to CMV 

infection after kidney, heart and lung transplantation. Am J Transplant. 2005 

Jun;5(6):1483-9. 

270. Brouard S, Dupont A, Giral M, Louis S, Lair D, Braudeau C, et al. Operationally 

tolerant and minimally immunosuppressed kidney recipients display strongly altered 

blood T-cell clonal regulation. Am J Transplant. 2005 Feb;5(2):330-40. 

271. Mazariegos GV, Zahorchak AF, Reyes J, Chapman H, Zeevi A, Thomson AW. 

Dendritic cell subset ratio in tolerant, weaning and non-tolerant liver recipients is not 

affected by extent of immunosuppression. Am J Transplant. 2005 Feb;5(2):314-22. 

272. Cortesini R, Renna-Molajoni E, Cinti P, Pretagostini R, Ho E, Rossi P, et al. Tailoring 

of immunosuppression in renal and liver allograft recipients displaying donor specific 

T-suppressor cells. Hum Immunol. 2002 Nov;63(11):1010-8. 

273. Veale JL, Liang LW, Zhang Q, Gjertson DW, Du Z, Bloomquist EW, et al. Noninvasive 

diagnosis of cellular and antibody-mediated rejection by perforin and granzyme B in 

renal allografts. Hum Immunol. 2006 Oct;67(10):777-86. 

274. Deng MC, Eisen HJ, Mehra MR, Billingham M, Marboe CC, Berry G, et al. 

Noninvasive discrimination of rejection in cardiac allograft recipients using gene 

expression profiling. Am J Transplant. 2006 Jan;6(1):150-60. 

275. Muthukumar T, Dadhania D, Ding R, Snopkowski C, Naqvi R, Lee JB, et al. Messenger 

RNA for FOXP3 in the urine of renal-allograft recipients. N Engl J Med. 2005 Dec 

1;353(22):2342-51. 

276. Sivozhelezov V, Braud C, Giacomelli L, Pechkova E, Giral M, Soulillou JP, et al. 

Immunosuppressive drug-free operational immune tolerance in human kidney 



                                                                                                                                                       BIBLIOGRAPHY 

 

 

160 

transplants recipients. Part II. Non-statistical gene microarray analysis. J Cell Biochem. 

2008 Apr 15;103(6):1693-706. 

277. Braud C, Baeten D, Giral M, Pallier A, Ashton-Chess J, Braudeau C, et al. 

Immunosuppressive drug-free operational immune tolerance in human kidney transplant 

recipients: Part I. Blood gene expression statistical analysis. J Cell Biochem. 2008 Apr 

15;103(6):1681-92. 

278. Akalin E, Murphy B. Gene polymorphisms and transplantation. Curr Opin Immunol. 

2001 Oct;13(5):572-6. 

279. Fischereder M, Luckow B, Hocher B, Wuthrich RP, Rothenpieler U, Schneeberger H, et 

al. CC chemokine receptor 5 and renal-transplant survival. Lancet. 2001 Jun 

2;357(9270):1758-61. 

280. Slavcheva E, Albanis E, Jiao Q, Tran H, Bodian C, Knight R, et al. Cytotoxic T-

lymphocyte antigen 4 gene polymorphisms and susceptibility to acute allograft 

rejection. Transplantation. 2001 Sep 15;72(5):935-40. 

281. Mazariegos GV, Reyes J, Webber SA, Thomson AW, Ostrowski L, Abmed M, et al. 

Cytokine gene polymorphisms in children successfully withdrawn from 

immunosuppression after liver transplantation. Transplantation. 2002 Apr 

27;73(8):1342-5. 

282. Tapirdamaz O, Pravica V, Metselaar HJ, Hansen B, Moons L, van Meurs JB, et al. 

Polymorphisms in the T cell regulatory gene cytotoxic T lymphocyte antigen 4 

influence the rate of acute rejection after liver transplantation. Gut. 2006 Jun;55(6):863-

8. 

283. LaBaer J, Ramachandran N. Protein microarrays as tools for functional proteomics. 

Curr Opin Chem Biol. 2005 Feb;9(1):14-9. 

284. Schaub S, Rush D, Wilkins J, Gibson IW, Weiler T, Sangster K, et al. Proteomic-based 

detection of urine proteins associated with acute renal allograft rejection. J Am Soc 

Nephrol. 2004 Jan;15(1):219-27. 

285. Patel AC. Basic science for the practicing physician: gene expression microarrays. Ann 

Allergy Asthma Immunol. 2008 Sep;101(3):325-32. 



BIBLIOGRAPHY 

 

161 

286. Simon R. Roadmap for developing and validating therapeutically relevant genomic 

classifiers. J Clin Oncol. 2005 Oct 10;23(29):7332-41. 

287. Simon R. Lost in translation: problems and pitfalls in translating laboratory 

observations to clinical utility. Eur J Cancer. 2008 Dec;44(18):2707-13. 

288. Pusztai L, Hess KR. Clinical trial design for microarray predictive marker discovery 

and assessment. Ann Oncol. 2004 Dec;15(12):1731-7. 

289. Radmacher MD, McShane LM, Simon R. A paradigm for class prediction using gene 

expression profiles. J Comput Biol. 2002;9(3):505-11. 

290. Rosenwald A, Wright G, Chan WC, Connors JM, Campo E, Fisher RI, et al. The use of 

molecular profiling to predict survival after chemotherapy for diffuse large-B-cell 

lymphoma. N Engl J Med. 2002 Jun 20;346(25):1937-47. 

291. Michiels S, Koscielny S, Hill C. Prediction of cancer outcome with microarrays: a 

multiple random validation strategy. Lancet. 2005 Feb 5-11;365(9458):488-92. 

292. Molinaro AM, Simon R, Pfeiffer RM. Prediction error estimation: a comparison of 

resampling methods. Bioinformatics. 2005 Aug 1;21(15):3301-7. 

293. Simon R, Radmacher MD, Dobbin K, McShane LM. Pitfalls in the use of DNA 

microarray data for diagnostic and prognostic classification. J Natl Cancer Inst. 2003 

Jan 1;95(1):14-8. 

294. Bammler T, Beyer RP, Bhattacharya S, Boorman GA, Boyles A, Bradford BU, et al. 

Standardizing global gene expression analysis between laboratories and across 

platforms. Nat Methods. 2005 May;2(5):351-6. 

295. Dobbin KK, Beer DG, Meyerson M, Yeatman TJ, Gerald WL, Jacobson JW, et al. 

Interlaboratory comparability study of cancer gene expression analysis using 

oligonucleotide microarrays. Clin Cancer Res. 2005 Jan 15;11(2 Pt 1):565-72. 

296. Canales RD, Luo Y, Willey JC, Austermiller B, Barbacioru CC, Boysen C, et al. 

Evaluation of DNA microarray results with quantitative gene expression platforms. Nat 

Biotechnol. 2006 Sep;24(9):1115-22. 

297. Chen JJ, Hsueh HM, Delongchamp RR, Lin CJ, Tsai CA. Reproducibility of microarray 

data: a further analysis of microarray quality control (MAQC) data. BMC 

Bioinformatics. 2007;8:412. 



                                                                                                                                                       BIBLIOGRAPHY 

 

 

162 

298. Simon R. When is a genomic classifier ready for prime time? Nat Clin Pract Oncol. 

2004 Nov;1(1):4-5. 

299. Dai M, Wang P, Boyd AD, Kostov G, Athey B, Jones EG, et al. Evolving 

gene/transcript definitions significantly alter the interpretation of GeneChip data. 

Nucleic Acids Res. 2005;33(20):e175. 

300. Huang da W, Sherman BT, Lempicki RA. Systematic and integrative analysis of large 

gene lists using DAVID bioinformatics resources. Nat Protoc. 2009;4(1):44-57. 

301. Goeman JJ, van de Geer SA, de Kort F, van Houwelingen HC. A global test for groups 

of genes: testing association with a clinical outcome. Bioinformatics. 2004 Jan 

1;20(1):93-9. 

302. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al. 

Gene set enrichment analysis: a knowledge-based approach for interpreting genome-

wide expression profiles. Proc Natl Acad Sci U S A. 2005 Oct 25;102(43):15545-50. 

303. Luo W, Friedman MS, Shedden K, Hankenson KD, Woolf PJ. GAGE: generally 

applicable gene set enrichment for pathway analysis. BMC Bioinformatics. 2009 May 

27;10(1):161. 

304. Kunz D, Walker G, Bedoucha M, Certa U, Marz-Weiss P, Dimitriades-Schmutz B, et 

al. Expression profiling and Ingenuity biological function analyses of interleukin-6- 

versus nerve growth factor-stimulated PC12 cells. BMC Genomics. 2009;10:90. 

 

 



 

 



                                                                                                                                                          AGRAÏMENTS 

 

 

164 

 

 

 

 

 

 

 

AGRAÏMENTS

Ha estat un llarg camí per arribar fins a aquest moment. És l’hora d’agrair-vos a tots i a cada 

un de vosaltres l’ajuda i el suport que m’heu donat a cada instant. Han estat anys d’esforços, 

però sobretot de moltes alegries, moments que no podré oblidar mai. Estic molt orgullós que 

hagueu volgut compartir aquest viatge al meu costat. La distancia i el temps no esvairan 

aquests records ni els molts que ens esperen. Sabeu que sóc home de poques paraules, i que 

qualsevol cosa que pugui dir no farà justícia al que sento per vosaltres. 

 

“Viu com si haguessis de morir demà. Aprèn com si haguessis de viure per sempre” (Gandhi)  

 


