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INTRODUCTION

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



INTRODUCTION

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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THE ALLOIMMUNE RESPONSE STATE OF THE ART

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-y 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 a3 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-y and other cytokines and chemokines, such as IL-2 and TNF-a, in addition

to the cytotoxic activity mediated by granzyme production.

v 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, y0 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 of3 T cells [13]. On the other hand, y6 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 [FN-y, TNF-a
and cytokines release. Besides, the reactivity pattern of yd 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

10
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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. Naive 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 CDS
glycoproteins. CD4+ T cells have MHC class Il-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 Thl 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

11
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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 CDS8 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
CDS8 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 1is a heterodimer composed of two chains, which are in most cases o and § and on a
minority of lymphocytes y and 8. These chains contain a constant (C) and a variable (V)
domain, which have three hypervariable or complementarity determining regions (CDRs).
The TCR a and y chains are generated by Variable-Joining (VJ) gene recombination, whereas
generation of the TCR 3 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 (CD3y, CD36 and two CD3g chains) and a {-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 I 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
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thymocytes. The earliest thymocytes express neither CD4 nor CDS8, 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 CDA40 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.
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Figure 1: TCR/MHC antigen presentation and co-stimulatory pathways (Rosen H;
Gastroenterology 2008)

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).

17



THE ALLOIMMUNE RESPONSE STATE OF THE ART

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 I 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].

Direct Indirect
allorecognition allorecognition

!
.
Endogenous ~L
peptide \”l
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Figure 2: Direct and Indirect allorecognition pathways (Rosen H; Gastroenterology 2008)
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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, CDS, 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 CDS52 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.
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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.

26



STATE OF THE ART

TRANSPLANTATION TOLERANCE

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

28



STATE OF THE ART TRANSPLANTATION TOLERANCE

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

Naive 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 (-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" reculatory 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 (agf7 integrin), CD62L (L-selectin) and
CDI122 (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-3
(TGF-B) 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 CD25FOXP3" 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-o; b) by a combination of vitamin D3 and dexamethasone [78, 79];
and c) after stimulation of CD4+ naive T cells by allogenic immature DCs [80]. Trl
regulatory cells regulate alloantigen specific responses by producing high levels of the
immunosuppressive cytokines IL-10 and TGF-3 [81]. 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-y 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-
I/ICAM-1 [94], where IFN-y 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.-v3 T cells

T cells expressing Y0 TCR chains represent only a small subset of around 1-10% within the
total T cell population in human peripheral blood. y6 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 Vo2 T-cell subset predominates in peripheral blood, the other major subset, Vol T

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

18 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 yd T cells can
transferred unresponsiveness to allogeneic skin grafts [101] and infusion of anti-yd TCR
monoclonal antibody into transplant recipients blocked allograft enhancement [102]. Thus,

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

In clinical transplantation, the number of yo 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, yd 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 yd Treg cells prolong graft survival and induce tolerance is still
unclear. yd 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 a3 T cells and

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

B [110].

2.2.4.5.- Dendritic Cells

DCs can modulate the differentiation of naive 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-3, 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 CD25FOXP3"
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 TCRaf"
(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 CXCRS 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'CD25FOXP3" 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 naive 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 naive 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-CDA40 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-PB, 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 naive 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-xB 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-y 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-y 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 yo 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 yd T cells are V3, a subgroup that has not been described
elsewhere in the body [186]. Interestingly, the percentage of yo T cells increases in hepatic
sinusoids and in periphery during HCV [187] and malaria [188] infections. Yo 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-a, 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-B1 [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 [CAM-1 or VCAM-
1, implicated in T cell retention in the liver sinusoids. Antigens presented by LSECs to naive
T cells fail to develop a Thl 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 naive 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-B 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 naive 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-y 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
CDS8 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-y and the positive selection of IL-4, IL-10
and TGF-B 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 ICAMI1, MHC class I, VCAMI, 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

56



STATE OF THE ART THE LIVER IMMUNE SYSTEM

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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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
Total Numbers 333 18,9 0,6

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].
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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 naive and activated/effector allogenic T cell

compartments.

The atypical hepatic architecture allows intimate contact between naive circulating
lymphocytes and a variety of liver cells providing the ability to act as a site of primary
activation of naive 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-B [199, 212, 240].

Additionally to the hepatic property to trap naive 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-f, 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 CDI127 [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-y 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 Th1l 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 Vf3
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"CD25"" 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 Vo1/Vd2 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 CCRS 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-a 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
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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

74



STATE OF THE ART MONITORING OF ALLOGENIC IMMUNERESPONSES

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” (LOOCYV), 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

77



MONITORING OF ALLOGENIC IMMUNERESPONSE STATE OF THE ART

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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ARTICLE 1

Multiparameter immune profiling of operational tolerance in liver 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 vy 6
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 (CD4TCD25" T-cells
and V31* 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 32601 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
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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 TagMan 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, ICAMT) or their well-documented relevance in immune toler-
ance (BAX, BCL-2, CD103, FASL, FOXP3, GITR, GZMB, TIM1, TIM3, HO1,
IFNy, IL10, IL15, TGFB 1, 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 mMRNA 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 /L6 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, y8-TCR, V81-TCR (from BD Biosciences, Moun-
tain View, CA), and V§2-TCR, Va24-TCR (from Beckman Coulter, Fullerton,
CA). For staining, aliquots of 100 uL of EDTA-anticoagulated blood were
incubated at room temperature for 15 min with a combination of the appro-
priate antibodies (Table 2). For CD4TCD25% T-cell staining, CD25"9" 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

Operational Tolerance in Liver Transplantation

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) 52 475 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"Hebroé 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
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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 /L6, 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 (y )
T-cell function distinguish TOL recipients

Among the 462 genes significantly up-regulated in TOL
samples, some of the strongest associations corre-
sponded to y & 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-
regulatedin 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-Il, 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~ CD45RAT CD4* T cells CD3-CD14-CD19-CD20~
CD3* CD56™ NKT cells CD3* CD4~ CD8™ T cells CD62L~ CD45RAT CD8™ T cells HLA-DRTCD11¢~CD123*
CD3~CD56™ NK cells Central memory: mDC:
CD62L+TCD45RA™ CD4* T cells CD3-CD14-CD19-CD20~
CD62L+*CD45RA~ CD8™ T cells HLA-DR*CD11¢*CD123~

Potentially regulatory T cells Naive T cells
CD4+CD25* T cells CD45RA* CD62L* CD4+
CD4+CD25TCD62L* T cells T cells
CD4*+CD25%Foxp3™ T cells CD45RA* CD62L* CD8*
CD4™ Foxp3*T cells T cells

aBTCR* CD4~ CD8™ T cells
Va24TCD3TCD561NKT cells
CD8*TCD28™ T cells

af and yd T cells

aBTCR* T cells

y8TCR™ T cells

vS8TCRT CD4~ CD8™ T cells
81TTCR* CD3* T cells
52+tTCR* CD3™ 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,
JAKT, 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, | (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 y 8 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, TNFAIPSG,
corticotrophin), complement and coagulation cas-
cades (thrombomodulin, urokinase, urokinase recep-
tor, DAF, thromboplastin, PTX3), MAP kinase signal-
ing pathway (Tp12/cot, Crkll, TNFa, IL1, GADD45),
chemokine/chemokine receptors (CXCL1, CXCL2, CXCL3,
CCL20, CCL4, BSF3) and immune activation/co-stimulatory
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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 y$ 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 yd T-cell receptor
(TCR), we quantified the proportion and absolute numbers
of peripheral blood v T cells in all 42 individuals included
in the study. TOL recipients exhibited significantly greater
numbers of CD3*TCRy &" T cells than either ID recipients
or healthy individuals (Figure 3A). We also examined the
proportion of the two main CD3*TCRy 6" T-cell subsets,
namely V31* and V62*. In contrast to both ID recipients
and control individuals, the Vy 81 subtype was found to be
the predominant y & T-cell subpopulation in TOL recipients
(Figure 2B), indicating that in TOL patients the yd 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 notype. TOL and ID recipients did not differ in the propor-
employed the CD45RA and CD62L markers to define the tion of CD8TCD28~, Vu24+ NKT and TCRaf*CD4-CD8~
memory/naive phenotype of T cells. No significant differ- T cells (data not shown). TOL, ID and healthy controls
ences were observed between TOL and ID recipients in also had similar numbers of peripheral blood NK and
‘effector’ memory, ‘central’ memory, or naive T cells (data B cells. In contrast, TOL recipients displayed a signifi-
not shown). Next, we investigated the frequency of periph- cant increase in the proportion of CD4*CD25"9"CD62LMeh
eral blood cell subtypes with a potentially regulatory phe- 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-xB 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*CD25""CD62L"" 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

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

Functional Category EASE score (p-value)

Number of genes

Representative genes

Up-regulated genes in TOL

Transcription regulation 2.41 x 10712 18
DNA metabolism 252 x 1078 6

DNA repair and cell cycle control 8.06 x 10~ 6

mRNA processing 1.47 x 10712 8

GTPase activity 2.57 x 10~ 9

Cadherin 5.75 x 1074 22
Protein biosynthesis 5.74 x 1071® 1
Response to external biotic stimulus ~ 7.07 x 1073 11
Proteolysis 1.02 x 10~ 9

Protein kinase activity 3.42 x 10719 14
G-protein coupled receptor activity 1.9 x 1079 9

Down-regulated genes in TOL

Response to stress 1.5 x 1072 12
Transcription regulation 1.08 x 10~ 12
Inflammatory response 3.6 x 10710 6

SMURF1, SMAD2, POLR3H, NFAT3, PML, RAB

BLM, DHX9, ATRX

RAD21, RAD50, RAD52, SYNPO2L

SF3B1, CUGBP1, RBPMS

GNA11, RAP2A, RAB38

PCDHGB5, PCDHGA12, PCDHGB1

EIF2S1, EIF5B, RPL14 and RPS6, UBC.

CD160, KLRCT (NKG2A), KLRC4 (NKG2F), KLRC3
(NKG2E), KLRD1 (CD94), KLRC2 (NKG2C),
KLRB1, Kirk1 (NKG2D)

USP34, USP10, USP30

PKC, JAK1, ROCK2, MATK, TAOKZ

PTGDR, OR13C4, GPR114, FZD4, GPBAR1

F3, DAF, CD83, PLAUR, SDC4, TNFa
RELB, MAFG, NR4A3, NFKB2
CXCL1, CXCL2, TNFAIP6, CCL20, CXCL3, CXCL4
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Figure 2: Up-regulation of pro-inflammatory genes is mainly restricted to HCV-positive recipients. (A) Enlarged microarray color
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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

American Journal of Transplantation 2007; 7: 309-319

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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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 yd 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-f 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).

v6 T cells are ‘non-conventional” T cells that participate
in both innate and adaptive immunity as cytolytic effec-
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tor cells, but that are also involved in immunoregulatory
responses. Among yé T cells, the V82* subtype is the
predominant subpopulation in peripheral blood of healthy
adults, often representing more than 70% of circulating y &
T cells (34). In contrast, the Vy 31" 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 V31" T cells, which results in an increased number of
total ydT cells and in the reversal of the normal ratio of
V317/V82* subsets. Vyd1™ 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 Vyd1™ T cells. Re-
assuringly, reversal of the peripheral blood V&1+/V82* v 8T
cell ratio has been recently reported in allograft tolerance
following pediatric living donor liver transplantation (19).
In addition, our results suggest that, together with Vy 81+
T cells, CD4+tCD25* 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 CD4TCD25" regulatory T cells in the
acceptance of liver and kidney allografts (19,23,24,36). In-
terestingly, both CD4+CD25" regulatory T cells and V§1*-
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 |S, 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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RESULTS AND DISCUSSION

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
PBMC s, 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 yd 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-3 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. yo 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 V51" T cells
subpopulation, which is characterized by the expression of NK receptors and exerts cytotoxic
functions. Interestingly, V82" 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&17/V82" 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 y5 T cells. Besides, V81" 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.
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Using transcriptional profiling to develop a diagnostic test of operational tolerance in liver
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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
amodest 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 yOSTCR' 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.

Introduction

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

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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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.

Results
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
Volume 118~ Number 8
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Table 1
Demographic characteristics of patient groups

Clinical Number Age Time from
diagnosis (yr)? transplantation (yr)?
TOL (total) 28 57 (40-68) 10.9 (4-16)
Non-TOL (total) 33 53 (39-67) 8.2 (4-15)
Training set
TOL 17 55 10.39
Non-TOL 21 52 9.45
Test set
TOL 11 61 1.7
Non-TOL 12 55 6
STA 19 55 (45-74) 9 (5-12)
CONT 16 62 (42-70)

Time from HCV Treatment Center
weaning (yr)? infection®
5.6 (1-8) 21%
25%
7.52 18% B,R, M, L
29% 48% CsA, 38% FK, B,R, M, L
9% MMF, 5% SRL
2,6 27% B,R, L
17% 25% MMEF, 50% FK, B,R,L
25% CsA
13% 40% CsA, 30% FK, B
30% MMF

B

AMean (range). BMean. CsA, cyclosporine A; FK, tacrolimus; MMF, mycophenolate mophetil; SRL, sirolimus; B, Hospital Clinic Barcelona; R, University “Tor
Vergata”; M, Virgen de Arrixaca University Hospital; L, Université Catholique de Louvain. All patients were receiving immunosuppressive drugs in monotherapy.

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
VO1TCR" T cells and V81/V02 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 gPCR. 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
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(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 SA). 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
ACt = 0.68) greatly exceeded interassay variation (median SD of
ACt=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 SA).
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 SB).
Taken together, qQPCR 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-
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Figure 1

Study outline. Peripheral blood samples were obtained from a total of 80 liver transplant recipients and 16 healthy individuals. Samples from TOL
and non-TOL recipients were separated into a training set (38 samples) and a test set (23 samples). Differential microarray gene expression
between TOL and non-TOL samples in the training set was first estimated employing SAM. This was followed by a search to identify genetic
classifiers for prediction employing PAM, which resulted in a 26-probe signature. The PAM-derived signature was then employed to estimate the
prevalence of tolerance among a cohort of 19 STA recipients. Next, among the genes identified by SAM and PAM, 68 genes were selected for
validation on a gPCR platform, and the 34 validated targets were employed to identify additional classifiers employing MiPP. The 3 signatures
identified by MiPP on the qPCR data set were then used to classify samples in the independent test of 11 TOL and 12 non-TOL recipients. None
of the samples from the test set were employed for the genetic classifier discovery process.

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
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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-
Volume 118 2847
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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

2848 The Journal of Clinical Investigation

http://www.jci.org

1.0 Differential gene expression
between TOL and non-TOL
o samples. Expression profiles
MCR2 . ips
ZNF295 of the 100 most significant
L genes among the 2,482 probes
ANF12 i ifi
e identified by SAM. R(.esulits are
St expressed as a matrix view of
PCNX gene expression data (heat
 anAg0 map) where rows represent
FPM1B
REM?5 genes and columns represent
i hybridized samples. The inten-
fg;frr sity of each color denotes the
=M1C . .
FOXO1A standardized ratio between
e each value and the aver-
EIF5A i
i age expression of each gene
gﬁgg:m across all samples. Red pixels
GNGT2 correspond to an increased
Eoape abundance of mRNA in the indi-
ZRANB1
TarBRS cated b‘Iood.sa‘mpIe, whereas
et green pixels indicate decreased
CLICa mRNA levels.
KLRF1
ERBB2
SYF2
DaBz2
UNG
Clori181
GS53
PTCH1
FLJ14213
Ci0erfi19
PECI
SNTB2
WORE?
PPARA
KEAP1
DTNBP1
PRIM1
APOBEC3F

METTL2A
ELP3
PCMT1
COK4
TMEMS
FMNL3
METTLE
CD244
CHST12
COK8
uBE2V2
ADD1
PNKD
UCHLS
HDDCZ
BRCCA
MAPL13
CYB5A
TRIM14
DAG1
ccocto?
TAARS
SETD3
C1Bori24
TEX264
CsTB
C17ori75
GLTBD1
TTL
ROCK2
EPS8
PTGDR
RASGEF1A
VSIGE
KLRC3
TRD &
TRA®
usPar
TBC1D5
SLAMF7?
GCNT1
CX3CA1
RAPH1
POCD2L
MRAPS31
MOCS2
GRSF1

incorporated in our current microarray study). TOL recipients
exhibited an increased number of CD4*CD25*Foxp3*, YOTCR*,
and O1TCR' 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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Figure 3

Discrimination between TOL and non-TOL samples on the basis of
a 26-probe signature. (A) Bar graph showing the results obtained
by globaltest for individual probes selected by PAM. Bar height
above the reference line corresponds to a statistically significant
association with tolerance. Red represents negative association;
green represents positive association. (B) Multidimensional scal-
ing of TOL (triangles) and non-TOL (circles) samples according
to the expression of the 26 probes selected by PAM. Distances
between samples plotted in the 3D graph are proportional to their
dissimilarities in gene expression. TOL and non-TOL samples
appear as 2 well-defined and clearly separated groups.

YOTCR' 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 ydTCR"* T cells
influence tolerance-associated peripheral blood expression
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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,
VO1TCR", and total ydTCR* T cells influenced 314, 296, and 438
probes, respectively, although statistical significance was only
reached for NK (P < 0.0032) and ydTCR" 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, ydTCR",
and VOITCR" 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
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patterns. Considering that TOL and non-TOL recipients dif-
fer in the number of peripheral blood YOTCR* T cells (11), it is
clear that tolerance-related differential gene expression can be
attributed, at least in part, to an increased number of YSTCR*
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 S TOL and
5 non-TOL patients. The set of 22 genes was predominantly
expressed by CD8*, ydTCR", 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*,ydTCR", and non-T cell subsets (Figure 7 and Table 4).
In addition, protein levels of IL-2RB, KLRB1, CD244, CD9,
KLRF1,CD160, and SLAMF?7 were assessed by flow cytometry
on CD4*, CD8*, ydTCR" T, NK, CD19*, and NKT cells from
6 TOL, 6 non-TOL, and § healthy individuals. These proteins
were mainly expressed on NK, NKT, and yOTCR* 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 VOITCR* 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 yYdTCR* T cell number and by func-
tional changes in a variety of PBMC subsets.

Discussion

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
Number 8 2849
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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-
2850
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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
Number 8
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Table 2

Results of gPCR gene-expression experiments

Gene Fold change Fold change Pvalue Pvalue 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 4151 x 107 1.228 x 10-! Y N
KLRF1 1.879 1.288 6.755 x 1006 1.730 x 10-02 Y Y
SLAMF7 1.414 1.181 1.381 x 10-% 4.835 x 1072 Y Y
FEZ1 2.219 1.474 2.179 x 10 6.350 x 1002 Y Y
cD160 2.078 1.693 2.635 x 100 2.114 x 102 Y Y
CTBP2 1.542 1.165 4.371 x 1005 2.199 x 1002 Y Y
IL2RB 1.641 1.434 1.054 x 10-%4 2.704 x 1002 Y Y
0SBPL5 1.699 1.347 1.193 x 10-04 3.469 x 10 Y Y
NKG7 1.510 1.380 2.562 x 1004 3.280 x 100 Y Y
FLJ14213 1.759 -1.165 2.824 x 10-4 6.278 x 1001 Y N
GNPTAB 1.329 1.003 4.302 x 10-%4 3.170 x 1001 Y N
PTGDR 1.564 1.185 7.148 x 10-% 1.788 x 10-01 Y N
FEM1C -1.380 -1.395 8.222 x 10-04 1.657 x 10-93 Y Y
ZNF295 -1.879 -1.053 1.063 x 10-03 5.192 x 1001 Y N
KLRD1 1.521 1.231 1.092 x 10-% 1.976 x 10-0! Y N
RGS3 1.717 1.021 1.492 x 10-03 6.282 x 1001 Y N
CX3CR1 1.741 -1.161 1.981 x 10-03 3.870 x 1001 Y N
PSMD14 1.157 1.042 2.670 x 10-% 1.925 x 10-0! Y N
WDR67 1.248 -1.169 2.735 x 100 1.388 x 10-01 Y N
PTCH1 1.390 1.223 2.850 x 10-%3 1.428 x 10-01 Y N
ERBB2 1.939 1.161 3.286 x 100 6.274 x 1001 Y N
GEMIN7 1.270 -1.102 3.662 x 10-03 3.954 x 1001 Y N
ch9 1.223 1.261 4,225 x 10708 1.468 x 10-02 Y Y
CD244 1.371 1.202 4,250 x 1073 9.183 x 1002 Y N
NCALD 1.366 1.189 5.190 x 10-03 6.604 x 1002 Y N
EPS8 1.434 1.366 5.615 x 1003 2.913 x 1002 Y Y
PDE4B -1.521 -1.007 7.337 x 1003 7.564 x 1001 Y N
KLRB1 1.292 1.032 7.491 x 1008 7.171 x 1001 Y N
ZNF267 -1.542 1.185 8.269 x 103 2.471 x 10 Y Y
FANCG 1.257 -1.010 1.392 x 10-02 1.203 x 10-0! Y N
UBD 1.753 1.532 3.070 x 1002 6.397 x 1002 Y Y
ALG8 1.177 -1.129 3.095 x 10-02 3.180 x 1001 Y N
MAN1A1 1.218 1.270 3.145 x 1002 3.242 x 100 Y Y
IL8 -4.579 1.682 3.661 x 10-02 1.023 x 10-%2 Y Y
DCTNZ 1.083 1.007 8.705 x 1002 8.754 x 1001 N N
DAB2 1.279 1.240 1.110 x 1001 1.550 x 10-1 N N
FOXP3 1.310 -1.072 1.218 x 1001 2.926 x 1001 N N
UBE2V2 1.072 -1.094 1.315 x 1001 2.393 x 1001 N N
PPM1B -1.253 -1.061 1.344 x 10-01 2.996 x 1001 N N
NOTCH2 1.110 1.149 1.439 x 10-01 2.420 x 1002 N Y
DOCK11 -1.057 -1.050 1.605 x 1001 2.943 x 1001 N N
THBD -1.261 1.141 1.654 x 1001 1.600 x 10-01 N N
PPM1B -1.106 -1.087 1.737 x 1001 3.970 x 1001 N N
UCHL5 1.061 -1.061 1.840 x 10-01 7.136 x 1001 N N
NOLA1 1.352 -1.653 1.988 x 10-01 1.273 x 10-% N Y
PSMF1 1.279 1.017 2.131 x 1001 3.000 x 1001 N N
TGFBR3 1.091 1.218 2.157 x 1001 8.922 x 1002 N N
C100rf119 1.193 -1.007 2.244 x 1001 5.148 x 1001 N N
DCUN1D1 1.003 -1.057 3.003 x 1001 7.313 x 1001 N N
HIP2 1.017 -1.042 3.046 x 101 8.832 x 1001 N N
RAD23B -1.007 1.079 3.147 x 1001 2.379 x 1001 N N
TRIAP1 -1.007 -1.068 3.286 x 1001 2.516 x 1001 N N
EIF5A -1.064 1.102 4.298 x 1001 3.466 x 1002 N Y
TRD@ 1.075 -1.297 4.494 x 10-01 1,622 x 10-01 N N
LTBP3 -1.117 -1.390 4,685 x 1071 6.387 x 100 N Y
HLA-DOB -1.133 -1.165 5.054 x 1001 2.698 x 1001 N N
RB1CC1 -1.028 -1.214 5.303 x 1001 2.965 x 1003 N Y
ATXNT0 -1.025 -1.169 5.549 x 1001 1.649 x 10-% N Y
TRA@ -1.173 -2.078 5.959 x 10-01 9.081 x 1004 N Y
MRPS31 1.261 -1.429 6.005 x 1001 6.246 x 100 N Y
IKZF3 1.031 -1.16 6.317 x 1001 1.080 x 10-01 N N
DTNBP1 1.193 1.075 6.541 x 10701 6.375 x 1001 N N
GRSF1 -1.032 -1.157 6.813 x 1001 3.847 x 1002 N Y
UBB 1.091 1.025 7.206 x 1001 1.044 x 10-01 N N
NOLA1 -1.014 -1.165 7.708 x 1001 1.147 x 10-2 N Y
C100rf110 1.376 1.149 7.996 x 1001 8.534 x 1001 N N
COPZ1 -1.053 -1.053 8.605 x 10701 5.216 x 1001 N N
LGALS3 -1.003 1.270 8.927 x 10-01 2.077 x 1002 N Y
S100A10 -1.025 -1.068 9.557 x 1001 7.348 x 1001 N N
Y, yes; N, no.
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Table 3

Most predictive genetic classifiers identified by MiPP in qPCR expression data set and their performance in training and independent test sets

Gene signatures Selection
method
KLRF1, SLAMF7 MiPP
KLRF1, NKG7, IL2RB, KLRB1, FANCG, GNPTAB MiPP
SLAMF7, KLRF1, CLIC3, PSMD14, ALG8, CX3CR1, RGS3 MiPP

Prediction rule Class Mean ER Mean ER in
comparison in training set  validation set
LDA, QDA, SVM-rbf 2 class 0.064 0.13
SVM-rbf 2 class 0.032 0.17
SVM-lin 2 class 0.064 0.13

ER, overall error rate; LDA, lineal discriminant analysis; QDA, quadratic discriminant analysis; SVM-lin, supervector machine with lineal function as kernel;

SVM-rbf, supervector machine with radial basis function.

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
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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
avariety of NK cell-surface receptors expressed by NK, CD8", and
YOTCR" T cells. The influence of NK and y0TCR* T cells on toler-
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gPCR validation of selected microarray gene-expression measurements. (A) Heat map representing the expression profiles of genes with sig-
nificant differential expression when comparing TOL with non-TOL and TOL with CONT samples (t test; P < 0.05). The intensity of each color
denotes the standardized ratio between each value and the average expression of each gene across all samples. Red pixels correspond to an
increased abundance of mRNA in the indicated blood sample, whereas green pixels indicate decreased mRNA levels. The checkerboard plot
on the left represents the statistical significance of TOL versus non-TOL and TOL versus CONT comparisons, with black squares corresponding
to P < 0.05 by t test. (B) Multidimensional scaling plot incorporating TOL (triangles), non-TOL (circles), and CONT (filled) samples. Distances
between samples plotted in the 3D graph are proportional to their dissimilarities in gene expression as assessed by qPCR. CONT samples

cluster between TOL and non-TOL samples.
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Impact of HCV infection and PBMC subsets on global gene-expression measurements. (A) Venn diagram representing the number of statistically
significant genes between TOL and non-TOL samples stratified on the basis of HCV infection status (SAM; FDR < 0.05). (B) Bar graph showing

the influence of tolerance (upper panel) and HCV infection (lower pane
Bar height above the reference line corresponds to a statistically signific

1) on the 26 individual probes selected by PAM according to globaltest.
ant association. Red represents negative association; green represents

positive association. (C) Checkerboard plot representing the correlation between PBMC subset frequency and the expression of the individual 26
probes selected by PAM. Results are shown as a matrix where white squares correspond to nonsignificant associations and black squares to sig-

nificant associations (P <0.05) according to globaltest. For comparison,

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
YOTCR" T cell frequencies and by the finding that, in TOL recipi-
ents, both YOTCR* and NK cells (together with other PBMC sub-
sets) exhibit unique expression markers. There are 2 main ySTCR*
T cell subsets in human peripheral blood: V81 and V82. In healthy
individuals, VO2TCR* T cells largely predominate in peripheral
blood (>80%), while VO1TCR" 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 VOITCR" T cells
expand and typically outnumber VO2TCR" T cells (10, 11). Our
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tolerance and HCV status have been included in the analysis as well.

current analysis indicates that VO1TCR" T cells are the only yYdTCR*
T cell subset clearly influencing tolerance-related transcriptional
signatures. In addition, we provide evidence that peripheral blood
VOITCR" 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. VOITCR" 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
VO1TCR' T cells and to determine whether these cells have direct
suppressive abilities on alloaggressive lymphocytes or act by pro-
Number 8 2853
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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
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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
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Table 4

Statistical significance of the differences in gene expression between TOL

and non-TOL recipients in sorted lymphocyte subset.

research article

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

Gene symbol Pvalue Pvalue Pvalue Pvalue Pvalue reported in kidney transplantation (26, 27).

CD4+ CD8* ydTCR*  non-Tcell ~ PBMCs In short, our study reveals that measurement of the
SLAMF7 0.0061 0.0941 0.4573 0.0007 0.0001 expression levels of a small set of genes in peripheral
NKG7 0.0110 0.0337 0.3531 0.0438 0.0001 blood could be useful to accurately identify liver recipi-
CX3CR1 0.0215 0.1267 0.6635 0.1371 0.0002 ents who are able to accept their grafts in the absence
RGS3 0.0000 0.0005 0.2808 0.0479 0.0005 of pharmacological immunosuppression. Validation of
FLJ14213 0.0238 0.0554 0.2448 0.0170 0.0006 our findings in prospective immunosuppression wean-
CD244 0.0157 0.0698 0.5112 0.0330 0.0028 ing trials would open the door to the possibility of with-
¢09 02289 0.0828 0.1404 0.0040 0.0102 drawing immunosuppressive drugs in recipients with
FEZ1 0.0033 0.0350 0.5383 0.0485 0.0137 hich likelihood of bei | Further. functional
KLRF1 0.0240 01129 00475  0.0447 0.0196 tgh ltkelihood of being tolerant. Further, tunctiona
PTGDR 0.0240 0.0557 0.3354 0.0245 0.0214 analysis of expression patterns suggests that molecular
0SBPL5 0.0045 0.0031 0.4291 0.0143 0.0217 pathways involved in the activation and effector func-
C100rf119 04467 07091 09819 01904  0.0290 tion of innate immunity cell types (NK and ydTCR*
CD160 0.0138 0.2793 0.2466 0.1336 0.0305 T cells) are central to the maintenance of operational
CLIC3 0.1690 0.1062 0.0620 0.1224 0.0413 tolerance following liver transplantation. Altogether,
IL2RB 0.3262 0.1453 0.1797 0.1393 0.0495 our work highlights the value of peripheral blood tran-
FANCG 1.0000 0.0323 0.2030 0.0057 0.0858 scriptional profiling in the immune monitoring of
GEMIN7 0.0801 0.7105 0.7819 0.1007 0.2089 liver transplant recipients and provides insight into the
eTBP2 00742 02258 0.7418 01058 03165 pathogenesis of human allograft tolerance.
GNPTAB 0.1007 0.0026 0.8648 0.0241 0.4113
KLRB1 0.2533 0.2551 0.9510 0.0531 0.5167
PSMD14 07584 07114 06784 01182 07170 Methods
ALG8 0.6544 0.5959 0.5912 0.4052 0.9882 Patients. Peripheral blood samples were collected from a cohort

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
(Iymphochip) 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
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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% (35, 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. Martinez-Llordella).
Volume 118
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Microarvay 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 log, 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 ¢ test statistics for each gene of a dataset and a fudge factor to
compute the ¢ 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 yYdTCR*, VO1TCR*, and VO2TCR* 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
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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 ACt 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 ¢ 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 (¢ 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 ydTCR", 81 ydTCR?, 82 yOTCR",
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). Inmunophenotyping 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 YOTCR" T cell subsets from Ficoll-isolated PBMCs was performed
employing Miltenyi magnetic beads according to the manufacturer’s
Number 8
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instructions. Purity of sorted cell populations was consistently greater
than 90%. Total RNA was extracted from CD4*, CD8*, ydTCR", 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 < 0.0S.
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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
YOTCR+ 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. CD2S8,

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 [PA
on the complete TOL and Non-TOL differential expression data set identified
SAPK/INK signalling pathway and NK cell signalling pathway as the most significant
canonical pathways associated with tolerance (Figure S2). The stress-activated
SAPK/INK pathway included a number of pro-inflammatory genes (CDK4, CDKS,
CSNK1A1, DAXX, DUSP10, MAP4K4, MAPK9, SOSI, 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, KLRDI, KLRKI, SH2DIB, and SOSI) 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, KLRBI1, 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 #-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 (#-test) between TOL

and Non-TOL; (**) = P-value <0.05 (z-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
Canonical pathways (C2 MSigDB)
Propanoate metabolism

Computational gene sets (C4 MSigDB)
Neigborhood of PTPN4

Neighborhood of IL2RB

Neigborhood of CD7

Neigborhood of MATK

Neigborhood of RAB7L1

Neigborhood of BMPR2

Enriched in Non-TOL samples
Canonical pathways (C2 MSigDB)
IL1R pathway

Hypertrophy model

Brest cancer estrogen signaling
NFAT signaling

Tumor necrosis factor pathway
NTHI pathway

CTLA4 pathway

CMAC pathway

NFKB pathway

Computational gene sets (C4 MSigDB)
Neigborhood of MMP1

P-value
0.000

0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.006
0.000
0.000

0.000

FDR g-value
0.31

0.000
0.000
0.000
0.001
0.004
0.005

0.000
0.000
0.000
0.009
0.011
0.014
0.013
0.012
0.015

0.31

Genes with highest enrichment scores
MCEE, ECHS1, ALDH9A1, PCCA, ALDH3A2

lI2RB, CD160, PTGDR, KLRF1, KLRD1, KLRK1, KLRC3
lI2RB, CD160, PTGDR, CD244, CX3CR1, PRF1, KIR3DL1
1I2RB, CD160, PTGDR, CD244, CX3CR1, PRF1, SPON2
IL2RB, PTGDR, ARHGEF3, KLRD1, PRF1, GZMA, ZAP70
IL2RB, KLRD1, KLRF1, APOBEC3G, PTGER2, BIN2, NCR3
WDR67, DFFB, IPO8, HDAC9, SMYD2, C220RF9

TRAF6, IRAK3, IL1A, IL1R1, IL1R1, NFKBIA
IFNG, IFDR1, VEGF, IL1A, IL1R1, ATF3

ITGA6, CDKN2A, FOSL1, SLC7A5, CCNE1, VEGF
IFNG, ITK, RELA, NFKBIB, SLA, FOS, IL8RA
NFKB1, CFLAR, FADD, TNFAIP3, NFKB2, JUN
IL8, TNF, IL1B, NFKBIA, DUSP1, RELA, MAP2K6
CD28, CTLA4, ICOS, PIK3R1, ITK, CD3E, TRA@
TNF, JUN, NFKBIA, FOS, RELA, RAF1, MAPK3
TNF,IL1R1, IL1A, TNFAIP3, TRAF6, RELA, FADD

CXCL1, TNFAIP6, IL6, PTX3, IL1B, CXCL3

HCV-negative TOL / Non-TOL differential gene expression data set

Enriched in TOL samples
Canonical pathways (C2 MSigDB)
VIPP pathway

Computational gene sets (C4 MSigDB)
Neigborhood of PTPN4
Neighborhood of CD97
Neighborhood of IL2RB
Neigborhood of CD7

Neigborhood of RAB7L1
Neigborhood of MATK
Neigborhood of RAP1B
Neigborhood of JAK1

Enriched in Non-TOL samples
Canonical pathways

CTLA4 pathway

CMAC pathway

Hypertrophy model pathway
Computational gene sets (C4 MSigDB)
Neighborhood of EIF3S6
Neighborhood of TPT1
Neighborhood of GLTSCR2
Neighborhood of MAX
Neighborhood of NPM1
Neighborhood of ACTG1
Neighborhood of CEBPA

P-value
0.000

0.000
0.000
0.000

0.000
0.004
0.010

0.000
0.000
0.000
0.000
0.000
0.000
0.069

FDR g-value
0.05

0.000
0.000
0.001
0.005
0.005
0.004
0.007
0.017

0.008
0.074
0.082

0.005
0.012
0.011
0.020
0.063
0.092
0.17

Genes with highest enrichment scores
ERG2, ERG3, PRKAR1B

XCL2, I2RB, KLRC3, PTGER2, PTGDR, CD160, TUSC4
PTGER2, DOK2, RIN3, CD300A, CD244, BIN2, CX3CR1
XCL2, l12RB, KLRC3, PTGER2, PTGDR, CD160,ASCL2
XCL2, I12RB, KLRC3, PTGER2, PTGDR, CD160, TUSC4
XCL2, I2RB, KLRC3, PTGER2,BIN2, PRF1, NCR3, KLRF1
IL2RB, PTGDR, ARHGEF3,PRF1, MATK, KLRK1, KLRD1
BIN2, CD97, ELF4, JARID1A, VPS16, RAP2B,

PTGER?2, BIN2, ARHGEF3, CD97, NCR3, LOC54103

ICOS, CD28, CTLA4, TRA@, PIK3CA, PIK3R1
JUN, TNF, FOS, RAF1, PLCB1, MAPK3, RELA
NR4A3, IFNG, TCF8, IL1R1, HBEGF, ADAM10

RPL27A, RPS29, FAU, EIF3S7, RPL11, RPS8

RPL27A, RPS29, FAU, RPL1, RPS5, RPS8, EEF2

RPS29, FAU, EEF1B, RPS9, RPL13A, RPS16

C140RF11, CSDE1, FAM76D, ABT1, COPS2, CCDC117
RPL27A, RPS29, FAU, NCL, EIF3S7, RPL11, RPS5, RPS8
RPL27A, SSR2, RPS29, FAU, NCL, RPL11, RPS5, RPS8
CYP1A2, HP, ORM1, CYP27A1, CYP2D6, GSTM1, CES1
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RESULTS AND DISCUSSION

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 Y8 T cells and the ratio V817/V82" 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,
CDS", and the different y& 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

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 CD25FOXP3", v§ T cells

and V81" T cells in peripheral blood.

4.- V81" T cell expansion is the cause of the augmented number of total y8 T cells and
leads to a reversal of the normal ratio of V81'/V32" subsets in peripheral blood of

operationally tolerant liver recipients.

5.- The gene expression program of V31+ 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 yo 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 y6 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 yd 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.
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AGRAIMENTS

AGRAIMENTS

Ha estat un llarg cami per arribar fins a aquest moment. Es 1’hora d’agrair-vos a tots i a cada
un de vosaltres I’ajuda 1 el suport que m’heu donat a cada instant. Han estat anys d’esforgos,
perod sobretot de moltes alegries, moments que no podré oblidar mai. Estic molt orgullés que
hagueu volgut compartir aquest viatge al meu costat. La distancia i1 el temps no esvairan
aquests records ni els molts que ens esperen. Sabeu que s6c home de poques paraules, i que

qualsevol cosa que pugui dir no fara justicia al que sento per vosaltres.

“Viu com si haguessis de morir dema. Aprén com si haguessis de viure per sempre” (Gandhi)
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