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Introduction
Pierre Godeau
Chairman of the Scientific Committee of the Servier Institute, member of the French
National Academy of Medicine, emeritus professor at the Pitié-Salpêtrière Hospital, Paris,
France

Organ transplantation has attained adulthood. For many years, it was considered a
treatment in the absence of any alternative or a treatment of last resort, involving the
terrifying privilege of offering possible survival to patients whose condition was so
severe as to condemn them to certain death – heart transplantation in particular – or
to a lifetime of replacement therapy for a defective organ – dialysis in patients with
renal failure.
Offering a patient an “organ graft”, to use the lay terminology, was rather like a
game of “Russian roulette” for the patients concerned. Moreover, the spirit of sacrifice of an organ donation involved considerable ambiguity: the organ donor feeling
exalted by his generosity and altruism, whereas the family of a deceased patient
often tended to oppose donations which were viewed as mutilation and as evidence
of a lack of respect for the corpse of the beloved.
Fortunately, the situation has progressed and although the problem of organ donations is still, alas, a topical one, the technique of kidney, heart and liver transplantations is now fully mastered and the indication has become commonplace. It is for
this reason that the scientific council of the Servier Institute decided, in a necessarily draconian choice, not to include the study of these three organs in the subject of
Current Topics and Future Prospects in Transplantation so as not to prolong unnecessarily a conference that already extends over a day and a half.
Apart from the future prospects, trial approaches currently under investigation and
evaluation such as nerve cell or stem cell grafts and islet grafts, which still constitute many unknowns for the non-specialist medical profession, it seemed to us that
the points of contact between organ transplantation and immunosuppressant treatments were likely to appeal to a broad range of medical specialties. It is in fact interesting to welcome the appearance in the second half of 2006 of a new medical publication entitled Maladies auto-immunes et transplantations (Autoimmune Diseases
and Transplantations). This title was apparently surprising as the specific problems
of transplantation might appear extraneous to the daily concerns of the majority of
175
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clinicians, internal specialists, rheumatologists or organ specialists involved in the
treatment of autoimmune diseases.
In fact, three arguments justify this association, which is only paradoxical on a
brief and superficial analysis.
The first argument is chronological in nature. Experience acquired in the immunological control of grafts and the prevention of rejection reactions is a genuine
model and to some extent an experimental laboratory for immunologists. It is often
not until a decade later that the lessons learnt from the experience of transplant surgeons are applied to the routine conduct of immunosuppressant treatments, which is
then either totally revised or adapted to the choice of more effective and less toxic
treatments. In fact, the need in principle for “lifelong” treatments in transplantees, in
contrast to the immunomodulatory treatment of autoimmune patients where the aim
is to limit the duration of use and the dosage as far as possible, is a privileged source
of information.
The second argument concerns the management of the more severe forms of
autoimmune diseases that are not amenable to conventional treatment. Application
of therapeutic intensification followed by transplantation to a small number of
appropriately selected patients is currently the source of a number of international
protocols. Preliminary evaluation has confirmed the validity of this research, which
is now in the process of moving to the clinical application stage.
The third argument arises from the constant increase in the number of transplant
patients. Long-term monitoring of transplantees is no longer the preserve of transplant physicians alone. It is increasingly becoming multidisciplinary. Internal specialists, dermatologists, neurologists, haematologists, oncologists, microbiologists
and biologists are all likely to intervene and add their own particular skills. In addition, the advanced age of the patients is no longer an insurmountable barrier in the
decision to transplant and geriatric experience will increasingly be more useful.
It was obviously not possible within the scope of this conference to tackle such
diverse aspects and we have been constrained to make choices, for example abandoning the whole field of infectious problems. By contrast, we have given precedence to the study of oncological risks and reserved an important place for the new
immunosuppressant treatments and the concept of immune tolerance, which might
or might not give rise to a new approach to care and the complete revision of our
pathophysiological conceptions.
Finally, two apparently totally different problems remain to be mentioned:
– a practical problem: how to increase organ donations in France?
– a psychological, and even possibly a philosophical, problem: that of the psychological consequences of transplantations and of patients’ identity, their respect for
self and for their deeper personality.
176
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These two problems are in fact only two sides of the same coin, one essentially
individual, the other collective, of the understanding of the human person, its integrity and its limits. It is certainly in the area of composite tissue grafts that the technical imperatives and the ethical and philosophical problems merge in a special
model. Rationalising the debate and remaining resolutely pragmatic might be the
conclusion of this brief talk.
I shall simply confine myself, in mentioning a book and a film, La Chambre des
officiers (The Officers’ Room), to recalling the ordeal of the soldiers with severe
facial injuries whom I had the privilege to meet at the beginning of my medical
studies. Confronted with the horror of these totally destroyed faces and the shattering prospects of several years of suffering and numerous operations with an arbitrary outcome, it is clear to those doctors who treated or simply came across these
patients that they would have welcomed enthusiastically and without the slightest
reservation the modern processes that would allow these deprived individuals to
regain a human face.
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Immune tolerance in transplantation:
myth or reality?
Lucienne Chatenoud
Biological Immunology Laboratory, Inserm U 580, Necker-Enfants Malades Hospital, Paris,
France

INTRODUCTION
Organ transplantation remains the only therapeutic option for a large number of diseases resulting in an irreversible loss of function of vital organs such as the kidney,
heart, liver or lung. Over the last 30 years, enormous progress has been achieved in
the field of immunosuppressant treatments designed to prevent or treat allograft
rejection. A number of biological or chemical agents have therefore been introduced
into clinical use, selectively targeting lymphocyte subpopulations involved in the
mechanisms of rejection or the intracellular signalling pathways essential for the
expression of the function of these cells. A major problem nevertheless remains. The
great majority of these agents generally depress immunity and are therefore devoid
of all specificity for the antigens responsible for the pathogenic reaction: allo-antigens. This explains why: 1) these immunosuppressant treatments may not be totally
effective (one cannot help noting that current conventional treatments, which are
obviously effective in preventing and treating acute allograft rejection, are much
less effective in suppressing chronic rejection); 2) their efficacy involves chronic
administration, which unfortunately culminates in too many cases in a state of socalled “over-immunosuppression”, characterised by the increased frequency of
infections and tumours which, moreover, are often the consequence of uncontrolled
viral infections.
The only effective way of remedying this problem would be to be able to induce a
state of “operational immune tolerance”, in other words to prevent the pathogenic
immune response to the allo-antigens expressed by the graft without affecting the
recipient’s capacity to react effectively to various exogenous antigens, particularly
those expressed by the infectious agents. Our objective here is to present a series of
arguments suggesting that the possibility of inducing immune tolerance in transplantation is no longer a myth or a possibility reserved exclusively for the field of experimental transplants, but is in the process of becoming a clinical reality thanks to new
immune intervention strategies. These strategies utilise concepts that emanate from
181
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basic immunology and which rely in particular on the improved knowledge we now
have of the mechanisms employed in all normal individuals to prevent the immune
system from turning pathogenically against the tissues of the host that harbours it, in
other words to prevent the occurrence of auto-immune diseases and hence to maintain what is conventionally known as “physiological immune tolerance” or “self”tolerance.
Out of a desire for clarity in this presentation, we shall first of all describe briefly
what are these immune mechanisms that are involved in the maintenance of self-tolerance. We shall then discuss how some of these can be utilised to induce allograft
tolerance.
MECHANISMS OF “SELF”-TOLERANCE
The immune system of any normal individual does not develop an aggressive reaction against the tissues of the host harbouring it, although it is now clearly established that any individual free from auto-immune disease harbours autoreactive
lymphocytes directed against various auto-antigens, or self-antigens. The existence
of these autoreactive B and T lymphocytes is demonstrated by the presence of natural auto-antibodies and by the possibility of inducing lines or clones of autoreactive
T lymphocytes from normal human blood. In animals, an auto-immune disease can
be induced simply by administering auto-antigens to normal animals without any
particular predisposition to develop a spontaneous auto-immune disease. The
absence of auto-immune diseases despite the presence of autoreactive B and T lymphocytes has long been a central paradox of immunology, the mechanisms of which
are increasingly better understood now and particularly important in that any deficiency or lack of control in them results in the emergence of auto-immune diseases.
Two principal pathways act in a non-mutually exclusive way to maintain self-tolerance: mechanisms of central tolerance and of peripheral tolerance.
Central tolerance, as its name indicates, takes place in the central lymphoid organs
where ontogenesis and the differentiation of lymphocyte cells occur. In humans,
these are the bone marrow for B lymphocytes and the thymus for T lymphocytes.
During differentiation, the most dangerous “autoreactive” lymphocytes, since
they are carriers of very high affinity receptors for auto-antigens, are generally
destroyed by a phenomenon of “negative” selection. This negative selection implies
cell death by apoptosis, in other words programmed cell death secondary to the
translation of intracellular signals culminating in the activation of specialist
enzymes, caspases, which fragment DNA.
The negative selection filter that affects the auto-antigens expressed by specialist
cells in the thymus and bone marrow is, however, far from perfect, since autoreactive
lymphocytes are found in the periphery. There are a series of mechanisms, combined
182
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under the name of “peripheral tolerance”, that enable the pathogenic potential of
autoreactive effectors that have eluded negative selection to be controlled. We shall
focus specifically on the mechanisms of peripheral tolerance affecting T lymphocytes as these are the primary targets in terms of allograft tolerance, while bearing in mind that identical phenomena are operational for B lymphocytes.
Autoreactive T cells may not “recognise” auto-antigen-presenting cells with specific receptors through a phenomenon known as “immune indifference”. This indifference is due, at least in part, to the fact that the majority of cells in the body that
carry auto-antigens do not “present” them adequately or “professionally” to the
immune cells, in other words in the presence of specialist or “costimulation” receptors that are capable of providing the T lymphocytes with all the signals essential to
their activation. Thus, only dendritic cells are “professional” antigen-presenting
cells, capable of providing all the signals essential to the effective stimulation of
naive T lymphocytes. Thus, a state of indifference may be disrupted when the autoantigen is presented abnormally to the T lymphocytes, particularly when the target
cells are localised within an inflammatory site, for example one induced by a viral
infection [1].
How then is it possible to explain that thymectomy alone in a normal mouse during the days following birth induces a polyauto-immune syndrome [2]? It has been
shown that early thymectomy prevents dissemination to the periphery of a specific
functional category of T lymphocytes with regulatory properties that control physiological autoreactivity [3, 4]. Auto-immunity may therefore derive from a defect or
an excess of immunoregulatory mechanisms that modulate the intensity of the
immune responses. The existence of such immunoregulation is now well demonstrated. It causes the intervention of two major categories of regulatory T cells, also
known as Treg: natural Treg and adaptive Treg [5, 6].
Natural Treg cells of thymic origin constitute a distinct thymocyte line characterised by expression of the CD25 marker (the α chain of the interleukin [IL] 2 receptor) and the transcription factor FoxP3 [7, 8]. It is these Treg cells of thymic origin
that were concerned above in the case of thymectomy which, in view of the profound deficit in natural Treg cells which it induces, generates a polyauto-immune
syndrome involving gastritis, thyroiditis, orchiditis or oophoritis (depending on the
sex of the mouse) and, more rarely, insulin-dependent diabetes. Likewise, in
humans, gene mutations coding for the transcription factor FoxP3 cause deficits of
natural Treg cells culminating in the IPEX (immune dysregulation, poly-endocrinopathy, enteropathy, X-linked) syndrome which, in the most severe and sometimes
even fatal forms, includes various auto-immune manifestations associated with
inflammatory bowel disease [9].
Adaptive Treg cells, as opposed to natural Treg, resulting from mature T lymphocytes are predominantly CD4+ present in the periphery, which acquire their
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regulatory function when they are activated by various antigens in appropriate conditions, particularly in an environment containing cytokines, specifically IL10,
TGF- β (transforming growth factor β) or again IL4 [10, 11]. The dependence of
adaptive Treg cells on cytokines for their differentiation and/or their function is a
major characteristic which appears to distinguish them from natural Treg cells,
which for their part appear to exert their action predominantly by cell contact, but
independently of any immunoregulatory cytokines.
FROM “SELF”-TOLERANCE TO TOLERANCE IN TRANSPLANTATION
At the risk of appearing reductionist, we shall concentrate on two of the underlying
mechanisms of “self”-tolerance which we have just discussed: central tolerance by
deletion or negative selection and peripheral tolerance involving Treg cells, as these
are two concepts that have been exploited to institute strategies for achieving transplantation tolerance.
Does donor bone marrow transplantation achieve organ allograft tolerance?
Peter Medawar’s group in the 1950s undertook experiments which earned him the
Nobel prize and which showed that administration to neonatal mice of bone marrow
and allogenic cells (expressing different histocompatibility antigens from those of
the host), in the absence of any other immunosuppressive treatment, induces a state
of tolerance as evidenced by the fact that, once adult, these mice did not reject skin
allografts from totally identical donors to the donor of the cells injected at birth [12,
13], or histocompatible with this donor. Two mechanisms explain this effect. First of
all, at this very young age, T lymphocytes differentiate very actively in the thymus.
Like the auto-antigen-presenting cells which we mentioned earlier, the injected allogenic cells that migrate into the thymus “force” negative selection by apoptosis of
the high affinity and reactive T lymphocytes. It is in fact possible to prove by means
of so-called dilution limit techniques that the frequency of alloreactive T cells in tolerant mice is increased by about a half compared to that in normal mice. Secondly,
Treg cells are found in tolerant hosts that are capable of transferring allograft tolerance to hosts naive of all treatment. In other words, these neonatal mice whose
immune system is still immature are particularly sensitive to tolerance induction by
the injection of donor bone marrow or allogenic cells via immune mechanisms that
unite phenomena of central tolerance and peripheral tolerance.
The fundamental question that arises before such a procedure can find any therapeutic application in organ transplantation is whether it is possible to reproduce this
phenomenon in an adult individual.
In general, if a “true” transplantation of allogenic bone marrow is performed in a
host receiving an organ graft from the same donor, the host’s immune system is
eliminated and completely replaced by that of the recipient. This, moreover,
184
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explains the presence in this type of situation of complete chimerism: once the
reconstitution is complete, all the haematopoietic cells of the recipient are of the
donor phenotype. In this case, the organ graft is perfectly accepted permanently in
the absence of any immunosuppressive treatment. However, in contrast to the operation that we discussed in neonatal mice, the performance of an allogenic bone marrow graft in an adult recipient poses two major problems which prevent its clinical
application in transplantation: first of all, the strategy requires a dramatic “conditioning” of the recipient designed to completely eliminate his whole haematopoietic
system; secondly, the graft of the donor’s immune system frequently results in the
occurrence of a graft versus host (GvH) reaction, an often fatal situation which represents a totally unacceptable risk.
It is therefore against this background that strategies have been developed that may
be described as “intermediate”, consisting of the inoculation of donor haematopoietic cells to a recipient in whom conditioning does not involve complete myeloablation. Several laboratories have tackled this problem, but it is certainly that of D.
Sachs and M. Sykes in Boston which has contributed the most to developing this
approach with a view to a clinical application, which moreover they have very
recently achieved [14–17]. The principle is simple. It involves performing partial
myeloablation by means of conditioning involving low-dose body irradiation combined with high-dose irradiation of the anterior mediastinal cavity, followed by
short-term treatment with polyclonal serum or an antilymphocyte monoclonal antibody. It is under the cover of this last treatment that the donor bone marrow is transplanted, followed by the organ graft. Treatment with cyclosporin is instituted at the
time of the organ graft and maintained for only a few months. This protocol, developed after years of studies, first of all in the mouse and then in the monkey, produced
very long-term, if not indefinite, survival of organ grafts (skin in the mouse and kidney in the monkey) in the absence of any immunosuppressive treatment. The underlying immune mechanisms vary somewhat with the species concerned. In the mouse,
the donor bone marrow cells are clearly found in the recipient’s thymus where they
play an important role in the negative selection of a certain proportion of alloreactive
cells. This is also evidenced by the presence of macrochimerism: a significant proportion of donor phenotype haematopoietic cells is observed in the reconstituted, tolerant host (at least 20 to 30%). In the monkey, however, the situation appears different. Macrochimerism exists within the first few days following the donor bone
marrow graft but disappears very rapidly, suggesting that in this case the phenomena
of peripheral tolerance, involving in particular Treg cells, probably more of the
adaptive type, are essential in the maintenance of allograft tolerance [18].
Remarkably, this approach has recently undergone a transfer to clinical use (D.
Sachs, personal communication). Five patients receiving a renal allograft from alloidentical live donors were treated in this way. With a follow-up period now of 8 to
185
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18 months since the total discontinuation of immunosuppression, four patients have
preserved completely normal renal function. In one patient, humoral graft rejection
occurred on discontinuation of the immunosuppressive treatment, which was controlled by conventional treatments. As in primates, macrochimerism is observed in
humans only during the very first days following the allogenic bone marrow graft.
Anti-CD3 monoclonal antibodies: tools for developing tolerance-inducing
adaptive regulatory T cells
The history of anti-CD3 antibodies is totally paradoxical. The monoclonal antibody
OKT3, a mouse IgG2a [19], was the first monoclonal antibody introduced into clinical
use at the beginning of the 1980s, even before the complex structure of the CD3 molecule and its functional importance were known [20, 21]. It was initially used to treat
and prevent renal allograft rejection [22, 23, 24]. Because of its very narrow species
specificity, however, no preclinical data were available. In fact, human anti-CD3 antibodies only have interspecies cross-reactivity with chimpanzee T lymphocytes. During the 1980s, a whole series of controlled studies clearly demonstrated that OKT3
was an extremely potent immunosuppressant, very effective in the treatment of episodes of acute renal allograft rejection [25, 26], an indication in which it was rapidly
commercialised in the United States and Europe. The follow-up of patients treated
with OKT3 enabled an enormous baggage of knowledge to be acquired about the
mode of action and side effects of murine monoclonal antibodies. Over the last
10 years, the use of OKT3 has been more or less totally abandoned because of problems posed by its mitogenicity [27–33] and the availability of new and much better
tolerated biological immunosuppressants (including anti-CD25 antibodies).
The experimental work undertaken in different rat and mouse models rapidly suggested that, over and above their potent immunosuppressant activity, anti-CD3 antibodies might induce tolerance of allo-antigens and auto-antigens [34–36] and, perhaps more surprisingly, that they might also restore “self”-tolerance in the context
of established auto-immune diseases [27, 37–39]. On the basis of these last results,
anti-CD3 antibodies were re-introduced into clinical use in the area of auto-immune
diseases in the form of non-mitogenic humanised antibodies [40, 41] for use as
tolerogenic agents.
Studies are currently being conducted in patients with insulin-dependent diabetes
or type 1 diabetes of recent onset. These clinical studies are based on the results
obtained in our laboratory a number of years ago in the model of spontaneous autoimmune diabetes in the NOD (“non-obese diabetic”) mouse. Thus, short-term treatment with anti-CD3 antibodies for five consecutive days only and at low doses (5–
20 µg/day) was sufficient to induce complete disease remission while restoring
immune tolerance to islet antigens [27, 37–39]. The effect is sustained and specific
to β-cell auto-antigens [38, 39]. The immune mechanisms that subtend this effect
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progress in two distinct and consecutive phases [27]. Remission is induced by the
disappearance of the T cell infiltrate from the islets (or “insulitis”), but this disappearance is transient and is therefore not involved in the long-term therapeutic
effect. The insulitis returns from 2 weeks after the end of treatment, but in the form
of a peripheral infiltrate that does not invade the islets and does not destroy the
residual β-cells [27, 38]. The initial therapeutic effect is then taken up by the differentiation of Treg cells that we have shown to belong to the category of adaptive
Treg [42] and to depend closely on the production of TGF- β [27, 37, 43]. The antibody induces a state of (at least operational) tolerance, since the T lymphocytes of
mice protected from diabetes do not respond pathogenically to the islet antigens but
recover a totally normal capacity to reject allogenic skin grafts [38].
Transfer of this strategy to clinical use began in 2000. Twenty-four patients were
included in a phase I/II study using the non-mitogenic humanised antibody OKT3γ1
Ala-Ala (12 treated with the antibody and 12 untreated controls) [44]. The results
confirmed the good tolerance of the product, while suggesting the presence of a
beneficial therapeutic effect one year after treatment [44]. This tendency has
recently been confirmed by the results of the two-year follow-up of a larger number
of patients (24 treated with the antibody and 24 controls) [45].
We, for our part, in association with Belgian, German and English clinicians and
biologists, have coordinated a phase II, randomised, placebo-controlled study
including a total of 80 patients and using another non-mitogenic humanised antibody known as ChAglyCD3 [46]. Eight milligrams of antibody or placebo were
administered daily for six consecutive days only. The results showed that treatment
with the antibody very effectively preserves the production of endogenous insulin
(evaluated by the measurement of C-peptide after stimulation with intravenous glucose) 6, 12 and even 18 months after treatment. This effect is also seen in a significant reduction in the doses of exogenous insulin necessary to maintain good metabolic control [46]. Thus, very impressively, 75% of antibody-treated patients
(versus 0% of those treated with placebo) with a greater mass of β-cells at the beginning of treatment exhibited insulin requirements at 18 months that were less than or
equal to 0.25 U/kg/day, which is a dose bordering on insulin independence.
The possibility of restoring tolerance to self-antigens by means of anti-CD3 antibodies represents an important stage in the development of “protolerogenic” immunotherapy. The experimental data clearly indicate that anti-CD3 antibodies induce a
therapeutic effect that is specific to the antigen through their capacity to selectively
stimulate TGF-β-dependent adaptive Treg cells.
In the light of these results, use of anti-CD3 antibodies might rapidly spread to
other indications, particularly transplantation, where it is now possible to envisage
their use not only as simple immunosuppressants, as was done in the 1980s, but as
immune tolerance-inducing agents.
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If adult renal transplantation has become the treatment of choice of chronic renal
failure when it has reached the terminal stage, this is because it improves not only
the quality of life of patients but also their life expectancy [1]. The considerable
progress achieved over the course of the last 20 years is due to the combined effect
of a very significant reduction in the incidence of acute rejections, demonstrating
the efficacy of immunosuppression, and the better prevention of infectious complications that are the price of this efficacy [2, 3]. For most teams, one-year patient survival currently exceeds 95% and one-year graft survival is between 90 and 95%
depending on the type of patient.
However, although the short-term beneficial effects of immunosuppression are
clear, so are the longer-term inadequacies: little progress in the outcome of allograft
nephropathy and a high incidence of cancer and cardiovascular complications [4].
The current challenges of immunosuppressant treatment, apart from tolerance
induction, are numerous. The aim is to obtain pronounced initial immunosuppression that is effective in preventing acute rejects, followed by maintenance immunosuppression with measured benefits and drawbacks. This maintenance immunosuppression must be effective so as to hold in check the immunological part of
allograft nephropathy, but also well tolerated so as to improve compliance. Its
nephrotoxicity must be limited and its impact on the incidence of tumours reduced
as far as possible.
Current immunosuppressant regimens attempt to combine the numerous compounds available to achieve these ambitious and sometimes contradictory objectives!
After a brief introductory section on the allo-immune response that is intended
to define the targets of the different immunosuppressant compounds as far as possible, we will subsequently consider their mechanisms of action before describing
the procedures for combining these immunosuppressants from a historical perspective. Finally we shall attempt to identify the current tendencies and avenues
of research.
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ALLO-IMMUNE RESPONSE
Complete activation of a naive T lymphocyte requires several signals [5]. The first
arises from the recognition of an antigen determinant, HLA molecules for example,
by the lymphocyte T receptor (TCR). This first signal is transmitted by the CD3
molecule coupled to the tyrosine kinase proteins Lck and ZAP-70, which relay it by
three signalling pathways: that of MAP-kinases, that dependent on the calcium-calcineurin pairing and, lastly, that involving protein kinase C theta (PKCθ), which
activate the transcription factors AP-1, NFAT and NFκB, respectively. These result
in the expression of CD154 (ligand of CD40), but also interleukin 2 (IL2) and the α
chain (CD25) of its receptor. The CD154 molecule engages its ligand CD40 on the
antigen-presenting cell that it activates, thereby engendering an increase in the
expression of CD80 and CD86 molecules [6].
This allows the second signal to be delivered by engaging the CD28 co-signal
molecule on the lymphocyte. This co-signal reinforces the signal transmitted by
the TCR by activating AP-1 which, when complexed with NFAT, transactivates
the IL2 and IL2R genes. Its absence does not enable the lymphocyte to activate
totally, which becomes anergic. The CTLA-4 (cytotoxic T-lymphocyte-associated antigen 4) molecule, expression of which is deferred, recognises the same
CD80/86 ligand as the CD28 molecule. It delivers a negative signal to the antigen-presenting cell and the lymphocyte by specifically inducing the expression
of the enzyme indoleamine 2,3-dioxygenase (IDO). IDO degrades the tryptophan
necessary for cell proliferation. The affinity of CTLA-4 for CD80/86, 100 times
greater than that of CD28, confers an advantage on the negative signal, which
ends the activation. The induced expression of CD25 (IL2Rα) allows the formation of the high-affinity IL2 receptor, combining the α, β and γ chains. The α and
β chains are expressed constitutively and shared with other cytokines receptors,
including IL15R.
These receptors transmit a third signal that results in cell proliferation, expression
of anti-apoptotic genes and production of cytokines and chemokines. Three principal signalling pathways are described upstream from the IL2 receptor. An MAPkinase pathway, a pathway initiated by Janus kinase 3 (JAK3) [7], involving
STAT5 proteins, and a pathway upstream from phopho-inositide-3-kinase (PI-3K),
involving mTOR [8]. Cell proliferation requires the synthesis of nucleotides,
purines and pyrimidines, dependent respectively on the inosine monophosphate
dehydrogenase (IMPDH) and dihydro-orotate dehydrogenase (DHODH) enzymes.
Lastly, a certain number of chemokine receptors (CCR1, CXCR3, CCR5) and
addressing molecules, such as the sphingosine-1-phosphate (S1P) receptor, are
expressed, enabling the lymphocyte to exit from the secondary lymphoid organ,
where it has been activated, to join the target tissue [9].
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MECHANISMS OF ACTION OF IMMUNOSUPPRESSANTS
The different immunosuppressants can be artificially classified according to their
mode of action. This classification enables the complementary and synergistic combinations to be assessed optimally.
Compounds involved in the inhibition or modulation of the first signal
Cyclosporin and tacrolimus (FK506) both target calcineurin, a sensor of the
increase in intracellular calcium after the engagement of TCR. In this respect, these
two drugs are classed as calcineurin inhibitors (figures 1 and 2) [10]. Cyclosporin
binds to cyclophilin, an intracytoplasmic protein, and the complex formed by the
two molecules is capable of inactivating calcineurin. Tacrolimus first complexes
with an immunophilin, known as FKBP12, before inhibiting calcineurin. The affinity of tacrolimus for the protein FKBP12 is greater than that of cyclosporin for
cyclophilin, which explains its greater efficacy on the molar scale (by a factor of 10
to 100). Blockade of this signalling pathway inactivates the transcription factor
NFAT, the promoter effect of which on the transcription of certain pro-inflammatory
genes (IL2, IL4, IFN-γ, TNF-α, GM-CSF, IL2R) is blocked (figures 1 and 2).
Other pharmacological inhibitors of the first signal are under study: inhibitors of
Lck, ZAP-70 and PKCθ kinases and the MAP-kinase cascade (figure 1).
The effect of steroids is more complex and depends to a large extent on their combination with glucocorticoid receptors [11]. The mode of action is principally transcriptional, followed by binding of the steroid-DNA receptor complex and proteinprotein interactions with the pro-inflammatory transcription factors AP-1 and
NFκB.
Immunosuppressants blocking the second signal
LEA29Y (belatacept) is a fusion protein combining the CTLA-4 molecule with the
Fc fragment of an IgG that has a dual mode of action [12] (figure 1). Firstly, this
protein competes with the lymphocyte CD28 co-signal molecule, blocking the second signal. Secondly, it delivers an immunosuppressive signal to the antigen-presenting cells, in particular by inducing the enzyme IDO. The clinical use of the first
anti-CD154 antibody (CD40L) [13], hu5C8, was complicated by thrombo-embolic
events, probably by platelet activation. Since then, another antibody has been developed against another epitope of the same molecule, IDEC131, that appears to be
devoid of procoagulant effect. There are several theoretical advantages to blocking
the axis of the CD40-CD40L co-signal. Firstly, this antibody should reduce the activation of antigen-presenting cells, and hence the density of expression of the CD80/
86 co-signal molecules. Secondly, it is likely that this immunosuppressant has an
effect on humoral immunisation as the CD40-CD40L axis is so important in the
cooperation between T and B lymphocytes.
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Figure 1. Representation of the different stages of T lymphocyte activation. The first signal results
from the recognition by TCR of its ligand, activating the pro-inflammatory transcription factors NFκB,
NFAT and AP-1 by different signalling pathways. The second signal is delivered by the engagement of
co-signal molecules (CD28, ICOS-L, CD40-L), which reinforce the first signal. Finally, the third signal results from the binding of IL2 to its high affinity receptor. This delivers a message allowing the
proliferation and secretion of cytokines and chemokines, as well as signals protecting from death by
apoptosis. Cell proliferation is dependent on the synthesis of purine and pyrimidine bases. Expression
of the S1P receptor enables the lymphocyte to extract itself from the draining lymph node to reach the
target tissues under the effect of the pro-inflammatory chemokines whose receptors it expresses
(CCR1, CCR5, CXCR3).

Drugs targeting the third signal
Humanised or chimeric antibodies directed against the α chain of the IL2 receptor
(CD25), daclizumab and basiliximab, target the third, IL2-dependent signal
(figures 1 and 3). In vitro, T lymphocyte proliferation, which is IL2-dependent, is
blocked by these antibodies. The induced expression of CD25 post-lymphocyte activation should impart them with specificity towards the activated, potentially alloreactive cells.
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Figure 2. The upstream signalling pathways of TCR represent prime targets for immunosuppressant drugs.
These are directed at antagonising the transcription factors NFAT, AP-1 and NFκB tissue-specifically by
blocking lymphocyte-specific signalling pathways. Cyclosporin and tacrolimus, both prodrugs complexed to
immunophilins, inhibit calcineurin, a biological sensor of calcium afflux into the cell after engagement of
TCR. Steroids have a more ubiquitous effect, acting directly on the transcription factors AP-1 and NFκB.
Lastly, the CD3 molecule, complexed to TCR, can also be the target of depleting or non-depleting antibodies.

The mTOR (mammalian target of rapamycin) inhibitors, sirolimus and everolimus,
block a signalling pathway located upstream from the IL2 and IL15 receptors [8]. To
be active, they must bind to the FKBP12 protein like tacrolimus, but have no effect on
the phosphatase calcineurin. These drugs target the RAFT1/FRAP proteins involved
in cell cycle progression in the G1 phase. In vitro, they demonstrate a potent antiproliferative effect but are less effective on cytokine production. In vivo, in the mouse,
sirolimus only very weakly blocks lymphocyte proliferation, but in return increases
death by postactivation apoptosis. The mTOR signalling pathway is in fact involved
in the expression of anti-apoptotic genes under the effect of IL2 but also of IL15.
Other inhibitors of the third signal are under study. The drug CP-690550 blocks
JAK3 kinase coupled to the γ chain, common to the cytokine IL2, IL4, IL7, IL9,
IL15 and IL21 receptors. The STAT5-dependent signalling pathway is very specifically affected by this inhibition. It results in an antiproliferative effect and a reduction in the expression of cytokines and chemokines.
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Figure 3. The third signal can be blocked at different levels. The daclizumab and basiliximab antibodies recognise the α chain of the IL2 receptor (CD25). Sirolimus and the CP-690550 molecule block the
different signalling pathways of the IL2 receptor, dependent on mTOR and JAK3, respectively. Mycophenolate mofetil and FK778 respectively inhibit the synthesis of the purine and pyrimidine bases necessary for cell proliferation. Lastly, azathioprine interferes with DNA synthesis, the property underlying its immunosuppressant effect and its procarcinogenic effect.

Cell multiplication inhibitors
Mycophenolic acid is a potent inhibitor of the enzyme IMPDH that is crucial in
the de novo purine synthesis pathway [14] (figures 1 and 3). It thus induces
severe depletion of guanine nucleotides. The de novo biosynthesis pathway is
specifically required by lymphocytes during division, whereas the recycling pathway is sufficient for resting cells. This specific feature explains the relative specificity of this drug for activated dividing lymphocytes. This drug inhibits the
proliferation of T and B lymphocytes in response to a mitogen or to an allogenic
stimulation.
Leflunomide [15] and FK778 [16] are two inhibitors of the enzyme dihydro-orotate dehydrogenase involved in de novo pyrimidine synthesis. They are credited
with an in vitro antiproliferative effect on T and B cells.
Lastly, azathioprine [17] releases 6-mercaptopurine, which interferes with DNA
synthesis. In fact, 6-mercaptopurine is rapidly converted to an active agent,
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ribotide. This enters into competition with inosinic acid for the enzymes involved
in the synthesis of guanylic and adenylic acids. The global effect is inhibition of
nucleic acid synthesis.
Antibodies intended for lymphocyte depletion
Antilymphocyte serum (or antithymocyte polyclonal globulins) is obtained by
immunising rabbits or horses with human lymphocytes or thymocytes. It contains a
number of antibodies targeting different cell populations, principal among which are
T lymphocytes, but also B lymphocytes, plasmocytes and platelets. It produces profound and sustained lymphopenia.
Muromonab-CD3 (OKT3) binds to the CD3 complex and causes a syndrome of
massive cytokine release followed by profound T lymphocyte depletion and functional impairment [18].
Alemtuzumab, a humanised antibody directed against the CD52 molecule
expressed by all blood mononuclear cells, causes massive and sustained depletion
of the lymphocyte compartment [19].
Rituximab [20], an antibody directed against the CD20 molecule, causes depletion of naive and memory B lymphocytes, but is devoid of any effect on plasmocytes.
Agents modifying lymphocyte traffic and addressing
FTY720 [9], whose clinical evaluation has been discontinued following the
development of retinal complications, has a particularly innovative mode of
action (figure 1). It targets lymphocyte traffic mechanisms. In vivo, FTY720 is
rapidly phosphorylated, yielding an active compound, FTY720-P, which shares
structural homology with sphingosine 1-phosphate (S1P). This is secreted by
platelets, mastocytes and endothelial cells following activation. Of the five S1P
receptors, the S1P1 receptor is predominantly expressed by lymphocytes.
Recent data have established that the S1P1 receptor is necessary for the export
of simple-positive thymic cells (recent thymic immigrants) and for the egress of
lymphocytes from the peripheral lymph nodes. In conclusion, FTY720-P blocks
the S1P1 receptor, which is internalised, causing lymphocytes to be sequestrated
in lymph nodes.
Other immunosuppressant agents are under study as part of the same strategy. The
chemokine receptors, CCR1, CXCR3 and CCR5, involved in addressing lymphocytes at the site of inflammation (acute rejection), represent the prime targets.
Two CCR1 and CXCR3 receptor antagonist antibodies are in the process of development. They will undoubtedly constitute very interesting supplementary drugs in
the future.
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IMMUNOSUPPRESSANT REGIMENS IN RENAL TRANSPLANTATION
In transplantation in general, immunosuppressants are and always have been used in
combination.
Historically, with the exception of the brief use of total lymphoid irradiation, at
the beginning of the history of transplantation, immunosuppressant regimens combined prolonged, high-dose steroids and azathioprine (Imurel®) at a dose of 3 mg/
kg/day. Steroid complications were frequent (diabetes, bacterial infections, aseptic
osteonecrosis, Cushingoid facies, stretch marks, thinning of the skin, hypertension,
delayed wound healing, etc.) [21]. Under the effect of this dual therapy, the incidence of acute rejections considerably exceeded 50% in the first year and the oneyear graft survival rate barely reached 50%!
Towards the end of the 1970s, antilymphocyte sera obtained in the horse and rabbit were used as (by implication, tolerance-) induction treatment in the very initial
phase of transplantation for a period of a few days to a few weeks. These sera certainly achieved a reduction in the incidence of acute rejection, but at the cost of
infectious and in particular viral complications and serum sickness [22, 23].
At the beginning of the 1980s, cyclosporin (Sandimmun® and then a few years
later its micro-emulsion form Neoral®) was introduced, producing a reduction in the
incidence of acute rejection, which was itself reflected in a very significant increase
in graft survival time one year post-transplantation [24, 25]. The achievement of so
spectacular a benefit with a compound represented a unique event in the history of
transplantation. The advent of cyclosporin thus provided the framework for three
main therapeutic regimens, with or without induction:
– triple therapy from the outset: steroids, cyclosporin, azathioprine;
– quadruple therapy from the outset: antilymphocyte serum, steroids, azathioprine,
cyclosporin, specifically reserved for patients at high immunological risk;
– sequential quadruple therapy: antilymphocyte serum, steroids, azathioprine, with
the delayed introduction of cyclosporin to prevent initial nephrotoxicity.
Once the initial post-transplantation phase had passed, so-called maintenance
treatment could comprise monotherapy (cyclosporin), dual therapy (cyclosporin and
steroids, or steroids and azathioprine) or triple therapy!
The introduction of cyclosporin produced a significant reduction in the doses of
steroids or even their complete withdrawal, and popularised the concept of monitoring residual levels to adapt the doses of this compound with a narrow therapeutic
spectrum [26]. However, the principal complication of cyclosporin is short-,
medium- and long-term nephrotoxicity [27, 28].
Another very potent immunosuppressant was also used at the beginning of the
1980s [18], murine anti-CD3 antibody (OKT3®). This antibody did achieve a reduction in the incidence of acute rejection and even its effective treatment, but at the
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cost of very severe side-effects on the first and often the second administration in
the form of chills, fever of 40˚C, acute pulmonary oedema, meningeal signs and
arthralgia. This toxicity, associated with the release of cytokines and known as the
first dose effect, considerably limited the use of this antibody, particularly as the
incidence of viral complications (cytomegalovirus) was also increased.
At the beginning and end of the 1990s, mycophenolate mofetil (MMF, Cellcept®
and later Myfortic®), tacrolimus (Prograf®) and the monoclonal anti-IL2 receptor
antibodies (Simulect® and Zenapax®) were launched on the market.
In combination with steroids and cyclosporin, MMF produced a significant reduction in the incidence of acute rejection, at the cost of an increase in viral complications and side effects such as leucopenia and digestive disorders [29, 30].
Tacrolimus [31, 32], for its part, offered at least equal efficacy to that of
cyclosporin and a slightly different safety profile, characterised by an increase in the
incidence of diabetes mellitus, less hypertension and cosmetic disorders and a more
consistent pharmacokinetic profile. This compound was used initially in grafts at
high immunological risk and then in other categories of transplantation.
Used in the induction phase, and irrespective of the other compounds used in
combination, anti-IL2 receptor antibodies [33] caused a reduction in the incidence
of acute rejection and at the same time, almost uniquely, did not increase the incidence of infections or cancers. Mention should also be made of the revival of interest in polyclonal antithymocyte antibodies (Thymoglobuline®) and the more confidential use of an anti-CD52 antibody (MabCampath®) that culminated in profound
and sustained T lymphocyte depletion [19].
The combination of these new compounds resulted in a reduction in the incidence
of acute rejection, which was now no more than 10 to 15% in the first year, although
with stigmata of “over-immunosuppression” such as the emergence of new viruses
like BK virus that is responsible for a frightening nephropathy whose treatment is
still poorly codified [34].
The efficacy of the new combinations encouraged a number of teams to exploit
this immunosuppressant potency to implement sparing strategies for other medications:
– reducing the dose of steroids or withdrawing them, or even not introducing them
at all [35];
– reducing the use of anticalcineurins so as to reduce their nephrotoxicity [36].
Lastly, the class of mTOR inhibitors has been introduced more recently –
sirolimus (Rapamune®) [37] and everolimus (Certican®) – and these, in addition
to their novel mechanism of action, have little or no nephrotoxicity. These compounds also have an antiproliferative effect that is beneficial in the long-term
against allograft nephropathy and tumour proliferation, but detrimental in the
short term by delaying wound healing. These compounds have been used either in
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combination with anticalcineurins or as replacement of them. Unfortunately combination with anticalcineurins has revealed a potentiation of their nephrotoxicity,
limiting this type of use [38]. In the replacement of anticalcineurins, problems of
immediate post-transplantation use arise because of the difficulties of wound
healing and acute rejection problems. A third approach to their use has therefore
been tried: taking over from an initial treatment phase with anticalcineurins [39].
Finally, exploiting the immunological characteristics of mTOR inhibitors, in other
words a more propitious environment for the institution of tolerance induction,
some teams have used very high doses in the induction phase followed by monotherapy with sirolimus [40, 41].
An alternative to mTOR inhibitors is represented by belatacept, which possesses
two original characteristics: its mode of action (see above) and its route of administration. In fact, in contrast to the other immunosuppressants, it is not administered
orally, but intravenously at regular intervals [42]. It is no less effective than
cyclosporin, but it is not nephrotoxic, which may enable it to be considered for use
over very long periods.
The immunosuppressants we have just mentioned are essentially active against T
lymphocytes. However, B lymphocyte-mediated humoral rejections are increasingly frequent, firstly because they are better detected by means of C4d labelling,
and secondly because the number of immunised patients at the time of transplantation is constantly increasing. In the case of an acute humoral rejection or an
increased risk of humoral rejection, three types of treatment can be used, according
to administration modalities that are still not completely validated:
– rituximab, a monoclonal anti-CD20 antibody (MabThera®), currently under evaluation;
– polyvalent immunoglobulins (IV-Ig) which, because of their multiple action, are
used to desensitise patients immunised against HLA determinants but also undergoing treatment for acute humoral rejection [43, 44];
– plasma exchanges, which enable the levels of anti-HLA antibodies responsible
for acute general rejection to be rapidly reduced [45].

Attempted summary!
The current trends may be defined without excessive oversimplification.
1. In France, induction treatments are often used:
– either on principle, or in the case of the delayed restoration of function, or in the
case of a high immunological risk;
– polyclonal sera more in the case of a high immunological risk, monoclonal
antibodies more in the case of a low immunological risk;
– the duration of treatment is decreasing regularly.

200

Transplantation.book Page 201 Lundi, 5. novembre 2007 6:08 06

New immunosuppressant treatments

2. The triple combination steroids + anticalcineurin + IMPDH inhibitor remains the
basic treatment:
– the tendency is for the early elimination of steroids according to various
modalities, or even their non-introduction;
– the choice of anticalcineurin varies with the team, although with the increasing
involvement of tacrolimus;
– azathioprine has been virtually replaced by IMPDH inhibitors, predominant
among which is MMF.
3. In terms of so-called maintenance treatment:
– the tendency is to minimise the use of either steroids, when these have not
already been discontinued, or anticalcineurins;
– it is also possible to replace an anticalcineurin by an mTOR inhibitor in order to
benefit from the lack of nephrotoxicity and the antitumour properties of this new
class.

CURRENT PROBLEMS
Over the course of the years, the efficacy of combinations of immunosuppressant
treatments has been seen to cause a reduction in the incidence of acute rejection and
hence an improvement in the short-term success rate. Conversely, the longer-term
benefit is modest and even disputed. Several explanations are possible. First of all,
the immunological mechanisms that culminated in chronic destruction of the graft
are less well understood. In addition, the nephrotoxicity of the anticalcineurins, the
long-term importance of which has now been evaluated, results in a significant loss
of grafts. Finally, other immunosuppressant side effects limit the survival both of
patients through cardiovascular complications, infections and cancers, and of grafts
through hypertension, diabetes and BK viruses.
We are therefore confronted at present with the need to investigate:
– combinations of effective but better tolerated immunosuppressants, and hence
probably better accepted and more regularly taken by patients;
– the adaptation of immunosuppressant treatments no longer just in terms of their
crude efficacy (rejection versus infection or cancer) but by means of biomarkers that
will enable the immunosuppressant potency to be measured more precisely and
hence adapted [45];
– the means of individualising immunosuppressant treatments according to clinical
risk factors (weight, body mass index, previous history, etc.) but also genetic factors,
for example in conjunction with pharmacogenetics [46];
– a better use of the available pharmacological data [47];
– a better use of the histological [48], virological and immunological surveillance
data.
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Renal transplantation is becoming increasingly more complex, at the same time as
its results are improving. The ideal, which has still to be achieved, will obviously be
tolerance induction without maintenance immunosuppressant treatment. It is no
longer possible to dream of a miracle combination, but instead we should adapt our
treatments and their monitoring to the variety of patients who may benefit from
renal transplantation.
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Long-term immunosuppression promotes the development of malignant tumours.
Lymphoproliferative disorders (LD) are a frequent and usually fatal complication of
immune deficiencies, either transmitted genetically as in the case of severe combined immunodeficiency (SCID), Wiskott-Aldrich syndrome and X-linked lymphoproliferative syndrome, or acquired following bone marrow transplant, organ transplantation or infection with human immunodeficiency virus (HIV) [1]. Posttransplantation LD disorders are characterised by marked clinical, histological,
molecular and evolutional heterogeneity. The physiopathogenesis of post-transplantation lymphoproliferative syndromes is multifactorial. Graft-related chronic antigen stimulation, the oncogenic effect of immunosuppressive treatments, a reduction
in immune responses and infection with Epstein-Barr virus (EBV) contribute to the
development of LD. Generally, it is a B-cell LD disorder, often extranodal, which
may regress on the reduction of immunosuppression. Apart from EBV-related LD,
which is usually of early onset, non-EBV-associated lymphomatous proliferation
can occur; this is then of later onset and responds to different physiopathogenetic
mechanisms in which genomic anomalies predominate. The incidence of these LD
and lymphomas is low; the small number of cases in each transplant centre and their
heterogeneity explain the lack of any consistent series in the literature and the lack
of therapeutic consensus.
FREQUENCY OF POST-TRANSPLANTATION
LYMPHOPROLIFERATIVE DISORDERS
The incidence of post-transplantation lymphoproliferative disorders (PTLD)
depends on the type and duration of immunosuppression and the organ transplanted.
Patients who have undergone an organ transplantation are 20 to 120 times more
likely to develop PTLD than a control population. The time to onset of PTLD is
inversely correlated with the intensity and type of immunosuppression. It is generally less than 1 year after heart, lung or heart-lung transplants and more than 1 year
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after a kidney transplant [2]. The incidence is estimated as between 1 and 2% following liver transplants and between 2 and 4% following heart transplants [3]. The
incidence of LD disorders following lung transplants ranges from 6.2 to 9.4% and is
twice as high for other transplanted organs [4]. The risk is greatest during the first
year post-transplantation, when immunosuppression is pronounced, and decreases
over the course of the following years. For example, it is 1.3% after heart transplants
during the first year and then 0.3% doing the following years [2]. During haematopoietic stem cell transplants, the risk of developing PTLD is less than 1%, but
increases to 20% in an HLA-mismatch situation with an unrelated transplant and if
the graft is T cell-depleted [5]. The incidence of LD disorders is higher in children
because of EBV seroconversion and may reach 7.7% during heart transplants and
19.5% during lung transplants. The risk of developing a LD disorder is 10 to
20 times greater when the recipient is EBV-seronegative and the donor is seropositive [6, 7].
PHYSIOPATHOGENESIS
The physiopathogenetic mechanisms differ according to whether the PTLD is EBVinduced or whether it is induced by monomorphic non-Hodgkin’s lymphoma
(NHL), not associated with EBV and develops at a late stage. In early PTLD, in
addition to factors such as graft-related antigen stimulation, it is the reduction in
immune responses in particular, with the corollary of a loss of strict control of the
infection of the body by EBV, that contributes to the development of a PTLD.
Epstein-Barr virus
Discovered in 1964 in a Burkitt’s lymphoma cell line, EBV is a double-stranded
DNA gamma herpes virus of 172 kb. Fully cloned and sequenced, this virus
expresses only 11 genes in the latent state. These 11 genes are present in lymphoblastoid cell lines obtained from B cells infected with EBV from healthy carriers. In
the lymphoblastoid cell lines, the expressed genes culminate in the production of
6 nuclear proteins, Epstein-Barr nuclear antigens: EBNA-1, -2, 3-A, -3B, -3C, and LP (leader protein); 3 membrane proteins, latent membrane proteins: LMP-1, -2A, 2B; and 2 small nuclear RNA, EBER-1 and -2 (EBV-encoded RNAs). Expression of
all these proteins defines type III latency, observed in vitro in lymphoblastoid cell
lines. Two other types of latency are also described, identified by limited expression
of the proteins: type II latency in which LMP-1, LMP-2 and EBNA-1 are present,
and type I latency in which only the EBNA-1 protein is expressed. These different
types of latency are observed in EBV-associated tumour diseases. Identified as the
causal agent of infectious mononucleosis, EBV is present in more than 90% of the
adult population worldwide. The number of EBV-infected cells in the peripheral
blood is low (5 to 100 cells/106 peripheral blood mononuclear cells) and this value
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remains stable throughout life, resulting from strict control of infected cells by
EBV-specific cytotoxic T cells (CTL) restrained by the class I major histocompatibility complex (HLA) [8]. The persistence of the virus in this non-activated memory
B cell compartment is one of the first escape mechanisms from the immune system.
It has been shown in patients after acquired immunosuppression that the increase in
this cell compartment might be responsible for the increase in EBV viral load [4].
Analysis of EBV latency in the different cell compartments according to the stage of
B lymphocyte differentiation has shown that the different types of latency, I, II and
III, could be identified in lymphoid tissues. With the exception of EBNA-1, all these
proteins are recognised by the immune system, which explains the control exerted
by CTL. The CTL antigen targets are principally the viral proteins and EBNA-3,
EBNA-2, LMP-1 and BZLF-1 [8]. Because of the presence of repeated glycinealanine sequences, the EBNA-1 latency protein is not recognised by CTL, which
accounts for the escape of EBV-associated PTLD expressing a type I latency [9]. In
addition, beside the lack of expression of CTL immunodominant antigen targets on
B cells, a lack of expression of HLA-presenting molecules or adhesion molecules
on tumour cells contributes to the tumour cells escaping from the immune system.
The loss of specific T responses in immune deficiencies partly explains the development of PTLD and the fact that restoration of immune surveillance when immunosuppressant treatments are reduced allows the spontaneous regression of certain
EBV-associated PTLD.
Role of EBV in EBV-induced PTLD and NHL
The role of EBV, and more specifically that of viral proteins, in the immortalisation
and proliferation of lymphoid cells has been demonstrated by the immortalisation
potency for B lymphocytes conferred on the P3HR1 EBV strain, deficient in EBNA2/EBNA-LD, after recombination with the EBNA-2 gene. The EBNA-2, EBNA-3A,
EBNA-3C and LMP1 proteins are the proteins necessary for immortalisation of
lymphoid cells. In addition, LMP1 possesses transforming properties, demonstrated
by the malignant transformation of rat fibroblasts. In fact, the immortalisation and
transformation of lymphoid cells result from a complex process involving the products of several viral genes with the capacity to maintain the virus in the infected cell
and to transactivate the cell genes that may be involved in the growth of lymphoid
cells and in the deregulation of the cell cycle or apoptosis [8]. LMP1, the major protein in the phenomena of B cell immortalisation involved in lymphomagenesis [10],
plays a central role in the immortalisation and transformation of B lymphocytes by
mimicking the interactions of the members of the TNF (tumour necrosis factor)
receptor family, potent mediators of B cell activation and proliferation such as
CD30 and CD40. EBNA-1, a DNA binding protein, has the principal function of
maintaining viral replication. By helping to confer a proliferative advantage on
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tumour cells in addition to maintaining EBV replication, EBNA-1 is the only viral
protein present in the different pathological conditions. Deregulation of apoptosis is
probably one of the major mechanisms involved in EBV-related lymphoid proliferation. LMP1 induction of expression of the BCL2 family of proteins, anti-apoptotic
molecules, has been demonstrated in vitro. In vivo correlations have been established for the expression of BCL2 in AIDS-related primary brain lymphomas and in
PTLD after organ transplantation. EBV also intervenes in deregulation of the cell
cycle, as has been very clearly shown in infection of quiescent B lymphocytes. The
mechanisms of deregulation of the cell cycle essentially intervene during the progression from the G0 phase to the G1 and the G1/S phase of the cell cycle with the
interaction of the viral proteins EBNA-2, EBNA-LD and EBNA-3C.
Non-EBV-associated, late onset NHL
The majority of these lymphomas meet the morphological and immunophenotypical
criteria for NHL occurring within the general population. These are B or T lymphomas and the mechanisms of lymphomagenesis are essentially related to genomic
anomalies that may involve known oncogenes in the different categories of lymphomatous proliferation, such as BCL2, c-MYC and BCL-6. In these proliferative disorders, the genomic anomalies, where they can be studied by molecular cytogenetic
techniques such as comparative genomic hybridisation, are numerous and complex
[11].
MORPHOLOGICAL AND MOLECULAR CLASSIFICATIONS
Several proposed classifications of these PTLD and lymphomas were reported
between 1981 and 1988, based first of all on morphological criteria and subsequently on immunophenotypical and molecular criteria [12–15]. The categories
described, published in the recent WHO classification, distinguish: 1) early lesions,
2) polymorphic proliferation, 3) monomorphic proliferation corresponding to NHL
in the general population, and 4) Hodgkin’s lymphoma or a “Hodgkin-like” form.
Early lesions
Early lesions comprise plasmacytic hyperplasia and infectious mononucleosis-like
lesions. These lesions, observed predominantly in young subjects or patients not
previously infected with EBV, are characterised by partial preservation of the architecture of the infiltrated tissue with the persistence of lymph node sinuses or tonsillar crypts. In plasmacytic hyperplasia, plasmacytes are very numerous and immunoblasts rare. These lesions are polyclonal and frequently associated with EBV, but
forms of non-EBV-associated plasmacytic hyperplasia are also described. In infectious mononucleosis-like lesions, immunoblasts are very numerous and predominantly localised in the paracortical zones. In addition to immunoblasts, numerous T
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lymphocytes and plasmacytes are present [14]. These infectious mononucleosis-like
lesions are always associated with EBV and oligoclonal features detected by analysis of immunoglobulin heavy chain gene rearrangements or by EBV probes can be
demonstrated.
Polymorphic lymphoproliferative disorders
Polymorphic lesions that have been recognised for many years have been termed
polymorphic B-cell hyperplasia or polymorphic B-cell lymphomas [12]. Often of
extranodal localisation, these lesions have a broad spectrum of B-type lymphoid
features, ranging from small lymphocytes to large, immunoblastic types of cells that
can assume the appearance of Reed-Sternberg cells. There are numerous mitoses
and frequent areas of necrosis. These types of proliferative disorder may be polyclonal or oligoclonal, but the majority are monoclonal [15]. Genomic anomalies are
absent or infrequent and not complex and no changes of c-MYC, RAS or p53 are
described [14]. EBV is almost always present in these lesions and this appearance is
a good argument for distinguishing lymphoid proliferation from an allograft rejection. Some of these types of proliferative disorder may regress following reduction
of immunosuppression.
Monomorphic proliferative disorders, lymphomas
Monomorphic proliferative disorders meet the criteria of classic lymphomatous
proliferation, which develops in the majority of cases at the expense of B type
cells. Lymphomatous proliferation is diffuse, composed of large cells that
assume the form either of centroblasts or immunoblasts with features of plasmacyte differentiation, or again large anaplastic cells. In rare cases, features of
atypical Burkitt’s lymphoma are reported. These proliferative disorders are
monoclonal and EBV-associated in the majority of cases. However, in 10 to 20%
of cases, essentially when the lymphoma occurs belatedly, the lymphomatous
proliferation is not EBV-associated. Genomic anomalies may be frequent and
complex, particularly when these lymphomas are not EBV-related. In features of
Burkitt’s lymphoma, the translocation t (8;14) is present, associated with other
genomic anomalies. Clonal mutations of BCL-6 are described in almost 90% of
cases belonging to this category of PTLD [16]. “Plasmacytoma-like” forms,
often of extranodal and in particular digestive localisation, have also been
reported: their association with EBV varies and they are monoclonal forms of
proliferative disorder for which genomic anomalies are observed. Monomorphic
or pleomorphic T lymphomas, which vary in incidence according to the series
from 4 to 15% of PTLD, exhibit the morphological anomalies of peripheral T
lymphomas and meet the criteria of classification for the latter. Combined analysis of the morphology, immunophenotype and molecular data (monoclonal
rearrangement of genes coding for the T cell receptor chains) distinguishes
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currently recognised entities such as peripheral T lymphomas of “indeterminate” significance, subcutaneous T-cell lymphomas of the panniculitis type,
hepatocyte δγ T-cell lymphomas, natural killer NK/T lymphomas and large
granular lymphocyte leukaemias [17]. These lymphomas occur later during the
post-transplantation period and the frequency of EBV – about 60% of cases of
post-transplantation T-cell lymphoproliferative disorder – is lower than in their
monomorphic B counterparts [18].
Hodgkin’s lymphoma and “Hodgkin-like” lesions
There are reports of classic Hodgkin’s lymphomas that meet the morphological and
immunophenotypical criteria of this lymphoma, together with so-called “Hodgkinlike” forms whose immunophenotypical aspects do not meet the strict criteria of
Reed-Sternberg cells of classic Hodgkin’s lymphoma.
Origin of lymphoproliferative disorders
In organ transplants, lymphoid proliferation develops in the majority of cases from
recipient B lymphocytes. However, after a liver or lung transplant, the development
of a LD from donor cells is relatively common, as well as in allogeneic bone marrow transplants in which lymphomatous proliferation that has developed at the
expense of the donor cells is the predominant form.
DIAGNOSIS AND ASSESSMENT OF SPREAD
Clinical presentation
Clinical, morphological and molecular studies have enabled PTLD to be divided
into three categories [14, 15].
– Infectious mononucleosis-like presentation, with oropharyngeal involvement of
Waldeyer’s ring and diffuse lymph node hyperplasia, often associated with general
signs. Histology reveals polyclonal hyperplasia with plasmacytic differentiation,
non-clonal EBV infection and the absence of any change in tumour suppressor
genes or oncogenes. This situation corresponds to the early lesions of Harris’s classification.
– One or more tumour localisations, usually extranodal, polymorphic, monoclonal,
containing only a single form of EBV, without oncogenic anomalies. There is usually a single localisation in the central nervous system, digestive tract, lung or liver
[15, 19]. A transplant lesion is described in 60% of patients during heart-lung transplants and in 15 to 30% of patients during kidney transplants [20]. This situation
corresponds to the polymorphic or monomorphic LD of Harris’s classification.
– A disseminated lesion with monomorphic and monoclonal medullary, nodal and
extranodal localisations associated with oncogenic events. PTLD often develops
late, after the first year of transplantation, is irregularly associated with EBV and
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develops in the same way as immunoblastic lymphomas observed in non-immunodepressed patients. This situation corresponds to the monomorphic lymphoproliferative syndromes of the WHO classification [15, 17]. In terms of laboratory findings,
LDH is usually elevated and there are frequently oligoclonal or monoclonal features
to the immunoglobulins. LD of the T cell type account for about 15% of these cases.
Their small number precludes the individualisation of specific clinical and laboratory features [18, 21].
After an organ transplant, lymphoid proliferation develops in the majority of cases
from recipient lymphocytes. In rare cases, the lymphoma develops from donor cells
[22]. After a haematopoietic stem cell transplant, proliferation develops in donor
cells.
Diagnosis
The combination of cytological and histopathological morphological techniques,
immunophenotypical analyses on sections and molecular studies on frozen fragments provides good diagnostic precision. In polymorphic lesions in particular, it
enables a distinction to be drawn between a LD and allograft rejection. Cytology
may be informative, but a positive diagnosis is based on histological examination of
the tumour obtained by surgical biopsy, supplemented by molecular approaches
characterising the clonality of the tumour, either by analysis of immunoglobulin or
T-cell receptor genes, or by the study of EBV clonality. Tests for EBV can now be
performed routinely on paraffin-embedded material using the probe recognising
EBER-1 and -2. It has become a very useful tool in the diagnosis, particularly in the
case of polymorphic LD where the infiltration is localised in the graft [23]. The
acquisition of frozen material supplements the essential studies for the diagnosis of
LD by genomic studies using molecular biology techniques – PCR or sequencing –,
conventional cytogenetics, FISH or comparative genomic hybridisation (CGH).
These methods allow oncogenic events or mutations of genes coding for EBV viral
proteins to be studied [11, 14]. The clinical presentation may be confined to the
combination of fever and an infectious mononucleosis syndrome without a true
tumour syndrome, principally during haematopoietic stem cell transplants. Quantification of the EBV viral load by quantitative PCR provides an early diagnosis. It
should be done systematically to allow rapid treatment in high-risk situations [24].
Follow-up also enables the efficacy of treatment to be verified.
Assessment of spread
The assessment recommended for non-Hodgkin’s malignant lymphomas needs to be
carried out in the awareness that extranodal localisations are frequent and that an
exhaustive digestive assessment with fibre-optic endoscopy is necessary if there is a
clinical presenting feature. Evaluation of the clinical activity index is an element in
the prognosis [25]. The assay of β2-microglobulin and LDH has a prognostic impact
213

Transplantation.book Page 214 Lundi, 5. novembre 2007 6:08 06

Véronique Leblond, Sylvain Choquet

that remains disputed. There is frequently an immunoglobulin abnormality (oligoclonal or monoclonal features) detected by protein electrophoresis and immunoelectrophoresis.
RISK FACTORS AND PROGNOSIS
The risk of developing PTLD is greater after an organ transplant in the case of an
EBV-positive donor and an EBV-negative recipient [6]. It is also greater for B lymphocyte-rich organs, such as intestinal transplants, and in patients with numerous
rejection episodes requiring an increase in immunosuppressants [26]. During haematopoietic stem cell transplants, risk factors are T-cell depletion, transplants for
immunodeficiency, preventive or curative treatment of graft versus host disease with
antilymphocyte serum or OKT3 monoclonal antibodies and transplants in a partly
HLA-matched situation [5].
The prognosis for PTLD is poor, with 40 to 60% deaths during organ transplants
and 90% during bone marrow transplants. The probability of long-term survival is
estimated as between 30 and 40% [3, 25, 27]. The prognostic factors vary with the
series: the early onset of PTLD in relation to the transplant, a polyclonal aspect and
a single localisation are factors with a good prognosis. Localisations in the central
nervous system, poor general status and superimposed oncogenic events are detrimental factors. The absence of EBV within the tumour appears to define a new clinical, histological and prognostic entity [29].
TREATMENT
There is probably a need to differentiate in terms of treatment between a LD
observed early after the transplant, always associated with EBV and the mechanism
of emergence of which is related to disruption of the host/virus balance, and a later
LD, irregularly associated with EBV and in which other oncogenic mechanisms are
involved.
Therapeutic measures (table 1)
Reduction of immunosuppression
Where reduction of immunosuppression is technically possible, it may enable
PTLD to be cured by restoring an effective natural antiviral response. Twenty-five
percent of patients cured are so as a result of the reduction in immunosuppressive
drugs. Certain renal transplant teams prefer to remove the transplant in order to discontinue all immunosuppressant treatments, but this does not guarantee a cure. The
problem is different in other transplantations where this option does not exist. A retrospective study reports a probability of response to the reduction in immunosuppression of 80% if PTLD develops during the first year and inefficacy after the first
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year [30]. It should also be stressed that tumour regression is often slow and may be
observed over several weeks, often making it difficult to interpret therapeutic strategies used successively. However, this is the only consensual therapeutic approach to
PTLD in immunosuppressed patients, although it always exposes the patient to a
risk of rejection that may be fatal other than in the case of kidney transplants.
Table 1. Therapeutic options for post-transplantation lymphomas.
Initial treatment
Reduction of immunosuppression
Complete surgical resection if possible
Anti-B monoclonal antibodies*
Cytotoxic T cells from donor if bone marrow transplant
Therapeutic options in the event of failure
Interferon alpha**
Chemotherapy
Radiotherapy
Demethylating agents **
* Data are available for anti-CD21 and anti-CD24 [27] and for anti-CD20 [35] monoclonal antibodies.
** Very limited data on efficacy.

Antivirals
Antiviral treatments (ganciclovir, aciclovir, etc.) have been widely used either preventively or curatively with contradictory results. Preventive treatment with ganciclovir or aciclovir has been shown to be effective in two non-randomised studies
[31, 32]. Their curative role is disputed, efficacy depending on the thymidine kinase
activity observed in the case of viral replication. The administration of antiviral
agents is always associated with a reduction in immunosuppression, which makes it
difficult to evaluate their specific role.
Monoclonal antibodies
Anti-B cell antibodies
As the majority of proliferative disorders are of the B-cell type, monoclonal antibodies are interesting therapeutic modalities in PTLD. Benkerrou reported the
results of treatment with anti-CD21 and anti-CD24 monoclonal antibodies in
58 patients. Sixty-one percent complete remissions were observed, with an overall
survival of 46% and a median follow-up of 61 months. Survival was better (55%) in
organ transplant patients than in bone marrow transplantees (31%) [27]. The use of
monoclonal antibodies which do not cross the blood-brain barrier is difficult in the
case of a localisation in the central nervous system. The monoclonal antibody antiCD20 (rituximab) has been tested in PTLD following bone marrow and organ transplants [33, 34]. The results are encouraging, with 60% responses in a pilot study in
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31 bone marrow or solid organ transplant patients. A prospective multicentre study
confirmed the good tolerability of rituximab in this indication, although with efficacy estimated as 44% in 43 patients and a 1-year survival of 67% [35]. A prospective protocol combining rituximab with polychemotherapy to increase the response
rate and survival is currently in progress.
Anticytokine monoclonal antibodies
The use of an anticytokine monoclonal antibody is based on the pathophysiology of
EBV-associated PTLD. IL6 plays a major role in the proliferation of the EBVinfected B lymphocyte. Haddad reported 5 complete responses and 3 partial
responses in 12 patients treated with anti-IL6 monoclonal antibodies [36].
Interferon
The modification of the cytokine network during PTLD (increase in so-called Th2
cytokines, decrease in Th1 cytokines) has enabled therapeutic strategies to be put
forward that are designed to increase the cytotoxic Th1 response and reduce the Th2
response, which promotes B-cell proliferation. Interferon has been used with or
without polyvalent immunoglobulins. O’Brien reported the results obtained in
13 cases collected in the literature, the majority suffering from monoclonal PTLD
(10/13). Eight patients went into complete remission, three into partial remission.
Five patients died, four of them from their LD [37].
Cell therapy
Anti-EBV cell therapy was developed during bone marrow transplants with a live
and immunocompetent donor and with the LD developing in the donor cells. During
bone marrow transplants, T-cell depletion is responsible for a very substantial
increase in EBV-related PTLD, particularly in unrelated transplant situations, with
antiviral T-cell reconstitution occurring principally via T-cell precursors of the transplant. Depletion techniques involving both T and B cells containing EBV considerably reduce this risk. In his experiment relating to allogeneic bone marrow purging
by a panlymphocyte monoclonal antibody Campath-1 (anti-CD52), Hale reported
an actuarial risk of developing PTLD of 1.3% (30% in control series) [38]. Papadopoulos re-injected donor CD3+ lymphocytes obtained by cytapheresis (1 × 106
CD3+/kg of weight) in 5 patients presenting with PTLD after bone marrow transplant. He observed 5 complete remissions but 2 deaths associated with a reactivation
of graft versus host disease [39]. This reactivation can be avoided by using antiEBV cytotoxic T cells.
During organ transplants, the tumour develops mainly in the recipient cells. A
potential application of anti-EBV cell therapy can only be envisaged if autologous
or allogeneic lymphocytes from an HLA-matched related donor are used.
The Memphis team used anti-EBV CTL preventively and curatively during
T-depleted bone marrow transplants in children [40–42]. Of 42 patients treated
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prophylactically, none developed EBV-induced PTLD, in contrast to 8/53 patients
(15%) in the control group. Three patients who developed PTLD were treated with
CTL and went into remission. Quantitative surveillance techniques of post-transplantation EBV viral load may allow this type of treatment to be instituted in at-risk
patients by re-injecting anti-EBV CTL if the viral load increases as early prevention
or cure.
During organ grafts, some teams successfully amplified anti-EBV CTL from
autologous lymphocytes [43]. Re-injection to patients caused a fall in viral load on
each re-injection. It is therefore possible to derive anti-EBV CTL in organ transplant patients. A protocol using compatible anti-EBV CTL derived from healthy
donors to treat post-organ transplantation NHL achieved 4 responses in 8 patients
without causing a graft versus host reaction or rejection [44].
Change of viral proteins
Expression defects of certain viral proteins on the cell surface have been proposed
as a mechanism of escape from the immune response. The use of demethylating
drugs such as 5-azacyclidine or arginine butyrate may restore the expression of viral
proteins on the surface of tumour cells and hence immunogenicity. By inducing thymidine kinase transcription, these agents may render the tumour susceptible to treatment with ganciclovir [45].
Chemotherapy–radiotherapy
Chemotherapy often remains the only treatment when a reduction of immunosuppression fails. The polychemotherapy used remains that which is most often effective in lymphomas in immunocompetent patients (CHOP, PROMACE-CYTABOM,
etc.). Its toxicity is greater than in immunocompetent subjects, often with toxicity to
the transplant (kidney, heart, etc.). Mortality associated with these treatments is very
high. However, chemotherapy appears effective and less toxic during so-called
“late” PTLD. The choice of chemotherapy and its dosage regimen depends on the
transplanted organ, the intention being to reduce the toxicity of anthracyclines during heart transplants and to adapt the chemotherapy for renal function [46]. Chemotherapy unfortunately remains the sole therapeutic weapon in a LD of the central
nervous system, the prognosis for which is very bleak. In PTLD of the T cell type
(about 14%), the majority of patients were treated by chemotherapy [18]. These
PTLD, often not associated with EBV, have a very poor prognosis.
Radiotherapy may be considered in localised PTLD. Cohen has reported a 20%
survival rate for PTLD treated by radiotherapy [47].
Surgery
Surgery may be proposed if the tumour remains highly localised (digestive tract), in
combination with a reduction in immunosuppression. However relapses are often
observed [29].
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Therapeutic strategies
Reduction in immunosuppression remains the first approach to adopt at the time of
diagnosis. Where this measure is effective, tumour regression is slow and takes several weeks, which explains the difficulty in evaluating the efficacy of treatments
applied successively. In the event of failure, if the tumour is B cell, immunotherapy
should be proposed where feasible (monoclonal antibodies). Specific antiviral cell
therapy appears to be validated during bone marrow transplants, but its feasibility
and efficacy in solid organ transplants remains to be evaluated. Chemotherapy
should be considered either as first-line treatment (PTLD of the T cell type, localisation in the central nervous system) or in the event of the failure of immunotherapy.
Radiotherapy only has a place in localised PTLD. The optimum sequence (reduction
in immunosuppression, monoclonal antibodies alone or with chemotherapy, cell
therapy) is not known and remains to be validated in prospective multicentre protocols.
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SUMMARY
The prolonged survival of organ transplant recipients has resulted in a marked increase in skin
cancers in this population, prompting the mobilisation of dermatologists in conjunction with
transplant surgeons to define curative and preventive rules of behaviour.
Carcinomas of the skin are the most common tumours following organ transplantation. There
are several factors that are involved in their genesis, particularly genetic, environmental and
iatrogenic. Their prevalence is particularly high in subjects of light phototype, elderly at the
time of transplantation, having received long-term immunosuppressant treatment with heavy
sun exposure and multiple keratoses. Prevention is based essentially on educating transplant
recipients, photoprotection and the treatment of precancerous lesions such as keratoses. These
are treated by surgical excision.
The increase in frequency (by a factor of 2 to 8) of melanomas over the past few years is partly
related to better screening of the early forms.
In the case of Kaposi’s sarcoma (KS), this represents a semi-experimental model of virusinduced tumour that still poses a number of unresolved problems. It occurs in the combined
presence of human herpesvirus 8 (HHV-8) infection and immunodepression. In a transplantation situation, this immunosuppression is iatrogenic and essential to preserve the functionality
of the transplanted organ. Clinical monitoring of transplant recipients differs according to the
date of HHV-8 contamination relative to the transplant.
Key words: Prevention. – Skin carcinomas. – Kaposi’s sarcoma.

INTRODUCTION
After an organ transplant, the majority of cutaneous manifestations associated with
the insufficiency of the transplanted organ regress within a few months. This is the
case with the pruritus and the diffuse melanoderma which, with anaemia, contributes to the sickly colour of renal failure patients; or with the collateral circulation,
jaundice and spider angiomas of liver failure patients. Conversely, other cutaneous
manifestations appear, promoted by the chronic immunosuppression. Their incidence increases as patients’ life expectancy is prolonged. Some of these dermatological manifestations considerably impair the quality of life of transplant recipients
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and may even sometimes be life-threatening, hence the need for harmonisation of
their management and preventive measures to try to reduce their prevalence.
CARCINOMAS OF THE SKIN
Carcinomas of the skin are by far the most commonly observed tumours in transplant recipients, appearing on average 20 to 30 years earlier than in the rest of the
population. They have a high prevalence. In the Netherlands, 10% of transplant
recipients are affected 10 years after transplantation and 40% 20 years after transplantation [1, 2]. In Australia, these figures are even higher, 40 and 70%, respectively [3]. There are several factors that are involved in the genesis of these carcinomas, particularly genetic, environmental and iatrogenic.
GENETIC FACTORS
The phototype, defined on the basis of skin colour, eye colour, hair colour and ability to tan, is the principal genetic factor. In fact, carcinomas essentially occur in subjects with light skin, blue or green eyes, red or blonde hair and who have difficulty
tanning [4, 5]. Other genetic factors have been implicated, in particular the histocompatibility system, which plays a major role in the immune response to viral or
tumour antigens. Thus, transplant recipients carrying the HLA-A11 antigen are partially protected from carcinomas, whereas those carrying the HLA-DR7 or HLAB27 antigen are more prone to them [6]. The genetic polymorphism of enzymes
involved in detoxification of the superoxide ions generated by ultraviolet light, such
as glutathione S transferase, might also be involved [7, 8]. It will probably be possible in the coming years to distinguish a subgroup of transplant recipients genetically
exposed to a high risk of skin cancers, towards whom preventive efforts will mainly
have to be directed.
ENVIRONMENTAL FACTORS
Exposure to sunlight, particularly ultraviolet (UV) light, is a major risk factor for carcinomas in transplant recipients, localised principally on exposed regions. This factor
explains the variations in the prevalence of carcinomas in transplant recipients by
country and within countries by latitude. The total sun exposure of the transplant
recipient since birth appears to play a role, hence the importance of educating the
whole population about the risk of sunlight. The mechanisms of photocarcinogenesis, which are still incompletely understood, particularly involve photo-induced DNA
changes that cause mutations; activation of ornithine decarboxylase, which plays a
promoting role; lipid peroxidation, which induces the generation of mutagenic aldehydes; photo-immunosuppression related to a reduction in antigen-presenting cells in
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the epidermis (Langerhans cells); and finally the photo-induced release of immunosuppressive cytokines by keratinocytes. This immunosuppressive action explains the
tolerance of photo-induced cancers. Human papillomavirus (HPV) viral infections
probably also play a role in the cutaneous oncogenesis of transplant recipients. In
fact, these infections are particularly common in this population. HPV have been
detected in normal skin (32%) with a reservoir in hair follicles, in keratotic lesions
preceding or associated with carcinomas, and in carcinomas in transplant recipients
[9]. Thus, in the study by Harwood et al., HPV deoxyribonucleic acids were demonstrated in 82.5% of squamous cell carcinomas, 75% of basal cell carcinomas and
88% of keratotic lesions [10]. There were often multiple HPV within the same lesion
with a marked predominance of the epidermodysplasia verruciformis type. The exact
mechanisms of the role of HPV in carcinogenesis are not clearly elucidated. A promoter effect of a variety of or some HPV in conjunction with other factors such as
exposure to sunlight is possible.
IATROGENIC FACTORS
Chronic therapeutic immunosuppression prescribed with the aim of obtaining tolerance of the graft is an important factor behind the increased prevalence of carcinomas of the skin in the population of transplant recipients compared to the nonimmunodepressed population. Although the degree of immunodepression and the
different drugs used probably play a role in themselves, no study at present implicates one immunosuppression regimen in particular rather than another, whereas
certain immunosuppressants such as azathioprine are known to be mutagenic. There
is moreover no simple and reliable criterion in the transplant recipient that is comparable to CD4 levels in HIV-infected subjects for quantifying the degree of immunodepression. There is, however, a consensus on the correlation between the duration
of immunosuppression and the increased prevalence of carcinomas of the skin.
OTHER FACTORS
Age at the time of transplantation is an important factor, as post-transplantation carcinomas appear much more rapidly in elderly subjects than in young subjects.
Although in some studies the prevalence of carcinomas has been found to be higher
in heart transplant recipients than in renal transplant recipients, in fact the type of
transplanted organ plays no role in multifactorial analyses [4]. A previous or current
smoking habit might be associated with an increase in the risk of squamous cell carcinoma [11]. In a case-control study (99 cases/169 controls) reported to the French
Dermatology Society, P. Joly showed that squamous cell carcinomas were significantly associated with median duration of exposure to sunlight, a higher number of
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rejections, a high cumulative dose of immunosuppressants, and papillomas or wartlike patches, but not with planar or common warts [12].
CLINICAL USE
In the Caucasian population, basal cell carcinomas (b) are more common than squamous cell carcinomas (s), the s/b ratio being on average 0.14. In transplant recipients, squamous cell carcinomas are more common with s/b ratios ranging from 0.7
in Glasgow to 5.9 in Brisbane [13]. Squamous cell carcinomas have an often atypical clinical appearance: ulcerated nodule reminiscent of a keratoacanthoma, common wart sometimes with an erythematous or painful base, or features of inflammatory keratosis. Conversely, basal cell carcinomas have no specific symptoms or
features and retain a high degree of clinical polymorphism: a pearly, pigmented,
ulcerated, sclerodermiform or erythematosquamous scar lesion, which may simulate
Bowen’s disease. Whereas squamous cell carcinomas are localised electively on
exposed regions, basal cell carcinomas also develop on the back.
The treatment of carcinomas of the skin is essentially surgical, with oncological
excision of the lesion. It is essential to undertake surgical revision in the case of
incomplete excisions with an insufficient safety margin. In some cases, fortunately
relatively few, the course of these carcinomas is very unfavourable, with a deep and
destructive extension and the risk of fatal dissemination. Factors considered to be of
poor prognostic significance are cephalic localisation of the tumour, rapid growth, a
thick tumour involving the hypodermis and underlying layers and cellular dedifferentiation on histology. In these cases, reduction of the immunosuppressive treatment must be discussed from the outset. It should also be considered in cases of
multiple and recurrent carcinomas. Radiotherapy is only used as second-line treatment or in the event of a contra-indication to surgical treatment.
After a first squamous cell carcinoma, the risk of a second one occurring has been
estimated as 30% at 1 year and more than 50% at 3 years [14, 15]. The replacement
of anticalcineurin by a derivative of rapamycin is of probable benefit. Sirolimus, an
mTOR (mammalian target of rapamycin) inhibitor, in fact possesses immunosuppressive activities combined with antitumour activity. In two retrospective studies,
the incidence of new skin tumours was practically halved [16, 17]. These results
appear to be confirmed by an ongoing prospective study.
PREVENTION
The prevention of carcinomas is based on educating transplant recipients, photoprotection and the systematic destruction of precarcinomatous dermatoses such as keratoses and Bowen’s disease. Education of transplant recipients is essential. It must be
done as early as possible. To this end, an information sheet compiled by members of
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the Skin and Organ Graft group of the French Dermatology Society is given to all
transplant recipients. An annual visit to a dermatologist is recommended. He or she
should ensure at each consultation that the message in this sheet has been clearly
understood. Skin self-examination is explained there with the proviso that any spot,
scab or wound that does not heal rapidly should be shown to the doctor. Photoprotection measures are extensively discussed, in particular the benefits of photoprotection
by clothing and the limits of sunscreens [13]. Systematic treatment of precarcinomatous dermatoses involves the destruction of keratoses by cryotherapy or the local
application of 5-fluor-uracil. Bowen’s disease is necessarily atypical, presenting as
keratosis, keratoacanthoma, a wart or a squamous cell carcinoma. Thus, histological
confirmation of the diagnosis is essential before considering local destruction by CO2
laser or cryotherapy. Local application of 5-fluoro-uracil alone or in combination
with imiquimod – causing interferon to be secreted – is a therapeutic alternative.
Where there is the slightest diagnostic doubt, surgical excision is to be preferred.
MELANOMAS
The incidence of melanomas is higher (× 2 to 8) than in the control population [18].
Because of the intensification and the European and American harmonisation of dermatological surveillance of transplant recipients, a larger number of melanomas is
currently detected at an early stage without any increase in mortality. Treatment is
surgical. Prevention is based on protection from sunlight and screening for early
forms by self-monitoring and systematic dermatological examination.
KAPOSI’S SARCOMA
Kaposi’s sarcoma (KS), unlike carcinomas, is a rare disease in France. It occurs in
the combined presence of human herpesvirus 8 (HHV-8) infection and immunodepression.
Epidemiology and risk factors
The prevalence of KS after organ transplantation appears to be correlated with the
prevalence of HHV-8 infection in the general population (table 1) [19]. In a national
epidemiological prospective study beginning in October 2000 and currently involving
1907 donors and 2534 kidney recipients, the global seroprevalence is 1.15% in donors
and 2.81% in recipients with regional variations, the highest zones of seroprevalence
being in the Ile-de-France and in the Midi. Different modes of contamination by
HHV-8 are possible. The virus is shed by the mucosae, particularly those of the
oropharyngeal sphere [20]. In regions with a high seroprevalence, the predominant
mode of transmission appears to be intrafamilial (transmission from mother to child
and between siblings) [21]. Conversely, sexual transmission appears predominant in
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Western countries, particularly in homosexuals. In these countries, the risk of HHV-8
transmission by blood derivatives is low [22, 23], but possible [24]. The possibility of
viral transmission by organ transplantation from a contaminated subject has been formally demonstrated [25]; the risks of such transmission are probably low, but with the
possible development of a severe presentation of a primary infection, associating
fever, cytopenia and macrophage activation syndrome. Lymphadenopathy, KS or lymphoplasmacyte proliferation may also be present. The prevalence of KS in previously
seropositive patients or those developing seroconversion post-transplantation has only
been calculated in limited series (9/32 and 2/25, respectively) [26, 27]. KS appears
more often in subjects infected prior to transplantation [27–30]. The respective role of
cofactors promoting or preventing the occurrence of KS has been raised by numerous
authors [31, 32], but without being confirmed in large series: choice of immunosuppressants, bacterial – particularly tuberculous – [26] or viral coinfections, treatment
with ganciclovir or valaciclovir.
Table 1. Prevalence of Kaposi’s sarcoma in organ transplant recipients.
Geographic origin
Ile-de-France
Lyon/Saint-Étienne

Kidney T.
% (n of TP)

Heart T.
% (n of TP)

Liver T.
% (n of TP)

Organ T.
% (n of TP)

0.45 (6229)

0.41 (967)

1.24 (727)

0.52 (7923)

1.5 (389)

0 (267)

2 % (150)

Rennes

0 (804)

Switzerland (Geneva)

0.97 (206)

Spain (Madrid)

0.5 (609)

Italy (Milan)

1.5 (854)

Italy (Rome)

3.3 (302)

Saudi Arabia

4.1 (630)

South Africa

0.5 (989)

Israel

2.4 (330)

11 (18)

United States (Cincinnati)

4.3 (8191)

United States (Pittsburgh)

0.12 (1657)

United States (Detroit)
Canada (Toronto)

0.98 (102)
0.54 (1300)

0.54 (189)

0.94 (426)

0.57 (2099)

n: number; T: transplantation; TP: transplanted patients.
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Management of KS in transplant recipients
The skin lesions present in 90% of cases are multiple, localised or diffuse, and
often preceded by lymphoedema. Visceral lesions are essentially digestive, nodal
and pulmonary. Histological confirmation of the diagnosis is essential, revealing a
dual cell proliferation consisting of fusiform and vascular cells with positive Perls’
reaction. The therapeutic procedure is not currently codified. KS in transplant
recipients poses a Cornelian dilemma to the clinician, torn between two often contradictory desires: that of blocking KS progression, which requires the reduction of
iatrogenic immunosuppression, and that of preserving the functionality of the
transplanted organ, which requires the maintenance of this immunosuppression.
Total regression of the Kaposi’s lesions should not be the goal at any price since
some patients prefer in particular to maintain good renal functionality with a stable
and relatively benign KS.
In the absence of an immediate threat to life, the reduction in immunosuppression
should be progressive, irrespective of the spread of KS, in stages of at least
3 months. In fact, the mean time between the first reduction in immunosuppressive
treatment and stabilisation in our experience was 4 months [32]. The replacement of
anticalcineurin by sirolimus as early as possible resulted in the disappearance of KS
in some 20 literature cases, one of them with visceral involvement [33, 34]. Where
this replacement is performed at a late stage, it may be ineffective with possible
escapes after several months [35]. Destruction of the skin lesions is considered in
the case of cosmetic impairment (cryotherapy, surgery, laser, etc.). The presence of
a functional handicap or a threat to life may result in chemotherapy being considered (liposomal anthracycline, taxanes).
Prevention
Precise evaluation of the risk of KS transmitted by the graft or secondary to an
infection prior to the transplant as well as the identification of factors associated
with the development of KS will enable this tumour disease, which is often handicapping to patients but very rarely fatal provided that it is managed correctly, to be
prevented in the near future.
CONCLUSIONS
The development of specialist consultations for the management of skin diseases in
organ transplant recipients in each dermatology department and the pooling of all
our experience in a study group of the French Dermatology Society have allowed
the fairly rapid implementation of prevention programmes and have raised the hope
that it will be possible to assess their beneficial effects in a few years time.
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INTRODUCTION
Huntington’s disease is a neurodegenerative condition characterised by a progressive loss of cells and atrophy of the striate body and neocortex. A hereditary disease,
it is transmitted by an autosomal dominant mode of inheritance. The first symptoms
do not appear until adulthood (median age between 35 and 40 years). They consist
of a triad of cognitive disorders, abnormal movements and behavioural disorders
that gradually worsen to culminate in a clinical picture of dementia and death after
15 to 20 years of progression. The nature of the neurological and mental symptoms,
the imaging data and the pathological observations combine to demonstrate that the
degenerative process at work in Huntington’s disease affects first and foremost the
striate body and more specifically the type II Golgi neurons or medium spiny neurons [1]. Neurodegeneration is evidenced by progressive atrophy of the caudate
nucleus and putamen and by a decrease in the metabolism of the striate body prior
to the appearance of the clinical symptoms [2]. In the more advanced stages, this is
associated with a reduction in metabolic activity and subsequently atrophy of the
cerebral cortex.
HISTORY
It is not surprising that Huntington’s disease with its strange manifestations should
have given rise to magical interpretations over the course of history. The most sadly
famous episode is that of the trial of the “witches of Salem” in 1692 in Massachusetts. According to the description given by the chroniclers of the time, it is probable
that a number of the “witches” in reality suffered from Huntington’s disease. Their
disordered movements and their deviant behaviour led to the accusation that they
were possessed by the devil.
In 1872, a young 22-year-old doctor, George Huntington, himself the son of a
doctor, published a seminal article in the weekly The Medical and Surgical
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Reporter of Philadelphia simply entitled “On chorea” [3]. Based on observations of
his father’s patients, he gives a description of the symptoms of the disease and
stresses its hereditary nature. It was to retain his name.
The XXth century is that of the search for the causative gene. Starting in 1981,
Nancy Wexler, a researcher at the University of Colombia, conducted studies in
Venezuela among the lakeside dwellers of Lake Maracaibo where the largest
family in the world affected by the disease (4200 members) lives [4]. This team
showed there to be interactions between the genetic abnormality and the environment.
In 1983, a genetic marker closely related to Huntington’s disease was discovered
on the short arm of chromosome 4 [5]. Ten years later the abnormality responsible
for the disease was finally discovered [6].
The first publications on the clinical results of cell therapy of Huntington’s disease in humans appeared at the turn of the century. The French team from Créteil
pioneered this approach by carrying out the first neuronal precursor cell transplant
in France in 1996 [1].
GENETIC BASIS AND PATHOPHYSIOLOGY
Huntington’s disease is monogenic. The gene responsible, christened IT15, is
located on the short arm of chromosome 4 at 4p16.3 [4]. In its coding region it
contains a CAG triplet repeat with fewer than 30 repeats in healthy subjects. In
affected subjects, the number of nucleotide triplet repeats is increased, enabling
the disease to be diagnosed before any clinical symptoms appear. The greater the
number of repeats, the earlier the disease develops. The CAG triplet repeat in the
gene corresponds to a polyglutamine (poly-Q) in the protein coded by the gene.
The physiological role of the protein, known as huntingtin (htt), is still largely
unknown [7]. Although the mechanism of cytotoxicity is not entirely elucidated, it
is known that the mutated protein is endowed with abnormal aggregation properties and cytotoxicity to nerve cells in vitro [8]. On the other hand, it is not known
why the toxicity of the protein is manifested almost exclusively in the striate body
and the cortex.
As understanding of the pathophysiology advances, the avenues of research
designed to counter the degenerative process are multiplying [9–11]. One of the
most promising pathways to date is that of “small interfering RNA”, or siRNA [12].
However, there is at the moment no validated prophylactic or curative therapeutic
option to prevent the development of the symptoms or to check their exacerbation.
That is why research into neuronal transplantation in Huntington’s disease remains
fully justified [13].
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CONTRIBUTION OF ANIMAL MODELS
Until the discovery of the mutated gene, experimental research suffered from a lack
of animal models that were truly representative of the human disease. Major
progress has been achieved by the production of different lines of transgenic mice
incorporating various portions of the abnormal human gene in their genome. Study
of the symptoms and lesions developed by these mice tends to show that cell dysfunctions are the key to the disease and not cell death. These results represent a
major boost to research into therapeutic modalities designed to correct or prevent
the dysfunction in humans.
TRANSPLANTATION OF EMBRYONIC TISSUES IN MICE
Before developing clinical trials of transplantation in humans, it was essential to
validate the underlying hypotheses and protocols in laboratory animals.
A full description of these studies would go beyond the scope of this presentation.
They showed that foetal cells with a gestational age between 8 and 10 weeks represent a source of striate cells capable of differentiating in situ into functional neurons. The preclinical studies also enabled transplantation protocols to be developed
that served as a basis for the preliminary studies in humans [14].
CLINICAL TRIALS IN HUMANS
Based on the experimental and preclinical studies, the first attempts at neuronal
transplantation in humans were conducted in the 1990s. The observations reported
in Cuba, Czechoslovakia and Mexico proved encouraging, but both the ethical and
the scientific conditions of these transplantations were unsatisfactory.
An American team confirmed the feasibility of the transplantation procedure
with a series of 14 patients reported in 1998. A clinical improvement was
achieved and proof of the survival and differentiation of the graft was provided
by MRI [15].
TRANSPLANTATIONS AT THE HENRI-MONDOR HOSPITAL
The team from the Henri-Mondor hospital in Créteil was the first to evaluate the
clinical benefit of neuronal transplantations for Huntington’s disease against predefined and reproducible criteria [16]. It was also the first to give a complete description of the methods and results, including functional imaging.
A preliminary report published in 2000 [17] showed promising results following
intrastriatal implantation of neural precursor cells and striatal neuroblasts in patients
suffering from Huntington’s disease. Of the five patients transplanted, four exhibited a clear clinical improvement in cognitive (figure 1) and motor functions, highly
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Transplantation.book Page 236 Lundi, 5. novembre 2007 6:08 06

Marc Peschanski

correlated with the presence of sites of cell deposits visible by MRI. In addition,
functional imaging by positron emission tomography following administration of
18-fluorodeoxyglucose (PET-scan) showed a significant increase in metabolic
activity at these deposit sites and in the frontal cortical sectors linked to the striatum
(figure 1) [18]. The improvement persisted for several years in three of the patients,
while in the fourth a sudden and simultaneous loss of clinical improvement and
MRI and PET scan signals occurred. In the other patients, a secondary decline
began 3 to 6 years after the transplant, consistent with the substitutive but non-neuroprotective nature of the procedure [19].

FDG uptake
in grafts

Figure 1. Magnetic resonance imaging and positron emission tomography scanning after intracerebral
transplantation of foetal neural cells in Huntington’s disease. Left: horizontal section on cerebral MRI
identifying grafts in the caudate nucleus (Ca) and putamen (Pu). Right: 18-fluorodeoxyglucose scan
showing marked tracer uptake by the grafts as evidence of their metabolic activity from Marc Levivier
et al., HI Erasme, Bruxelles, 2003.

These incomplete but encouraging results must be considered primarily as evidence of the validity of the concept of transplantation itself (proof of principle).
They consequently justified the organisation of a multicentre randomised study on a
larger scale.
Sponsored by the Assistance Publique-Hôpitaux de Paris and with finance from
the Ministry of Health, a clinical consortium, the MIG-HD (multicentric intracerebral grafting in Huntington’s disease) network, was set up to extend the studies to
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60 patients in 6 centres (Créteil, Angers, Brussels, Lille, Nantes/Rennes, Toulouse)
as part of a randomised controlled study with a 52-month follow-up for each patient.
Additional European clinical centres were added to the founding French-language
group and have already begun (Cambridge, Freiburg, Ulm) or are planning (Cardiff,
Lausanne, Milan) to transplant patients. All the European groups therefore have
joined forces to share their skills, to apply common protocols and to evaluate the
results according to the same scales and the same criteria. This procedure should
provide the clinical community with a clear response to the therapeutic potential of
intrastriatal grafting of foetal neural precursor cells and striatal neuroblasts.
USE OF EMBRYONIC STEM CELLS
Our aim for the future, if as we hope the current study fully validates the concept,
should be to progress towards procedures that will enable us to include all patients
who are in need of it, without being inconvenienced by the complicated logistics
involved in looking for and preparing the tissue to be grafted during the period of
time relating directly to the surgical procedure. We need cells that can be produced
at will to serve all the neurosurgeons involved. Despite numerous trials, human striatal foetal cells have not exhibited properties compatible with this objective. Human
embryonic stem cells, however, may meet this challenge as they possess capacities
both of self-renewal and of differentiation. By virtue of their self-renewal capacity,
they may be amplified in vitro at will. Under certain conditions, they can – at least
theoretically – also be differentiated into any cell phenotype [20]. The actual reality
of this differentiation and its stability over time, however, depend on the development of protocols of which only a few models are currently available.
Possible sources of embryonic stem cells are in vitro fertilisation and embryos
subjected to preimplantation genetic diagnosis procedures. Embryonic stem cells
can be cultured in vitro and their therapeutic potential in Huntington’s disease is
twofold: either as a direct source of cells for biological cell therapy, or as cells producing targeted proteins, using the tools of functional genomics to induce overexpression or gene extinction under high-throughput screening conditions. These
researches are being conducted in France at the Genopole in Évry by the Institute
for Stem Cells in the Treatment and Study of Monogenic Diseases (I-STEM).
Among other subjects of research on genetic diseases, I-STEM is studying the possibility of producing differentiated GABA-ergic striatal neurons from native embryonic stem cells (figure 2) capable of replacing foetal neural tissues for intracerebral
grafting in patients suffering from Huntington’s disease. We have been able to show
by immunofluorescence that more than 20% of suitably cultured stem cells
expressed the phosphoprotein DARP-32 (dopamine and c-AMP regulated phosphoprotein), the most specific to striatal differentiation, involved in dopaminergic
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neurotransmission and striatal responses to NMDA. This expression provides evidence of the GABA-ergic differentiation of embryonic stem cells.
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Figure 2. Differentiation of human embryonic stem cells (hES) into GABA-ergic neurostriatal cells.
BDNF: brain-derived neurotrophic factor; FGF: fibroblast growth factor; DKK: dickkopf protein;
SHH: sonic hedgehog protein.

CONCLUSION
We have embarked on a period that is extremely rich in fundamental discoveries,
experimental research and clinical studies in Huntington’s disease. The deterministic type of therapeutic approach (correcting the abnormalities induced by the
genetic abnormality) and the more pragmatic approaches (transplantations) are
not competing but complementary. However, they should not detract from global
psychological, neurological, social and family management. It is to be hoped that
the new century will be one of decisive progress in the battle against this devastating disease.
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SUMMARY
In order to find new treatments for heart failure, biomedical research has essentially focused
its efforts on supporting of the already overburdened remaining cardiomyocytes. Over the
last few years, the concept of cell therapy as a possible treatment of heart diseases has
opened a new avenue of research. This concept implies the generation of cardiomyocytes in
vitro and their injection into the myocardium in order to improve its function. These heart
cells could be obtained from embryonic or adults stem cells. Our knowledge of the basic
mechanisms of cardiac differentiation, which were first studied in vivo in animal models,
can now be supplemented by using in vitro models of cardiogenesis. These include murine
embryonal carcinoma stem cells, murine embryonic stem cells and, more recently, human
embryonic stem cells. On the other hand, recent studies indicate the existence of cardiac
stem cells in the adult heart and raise the question of their possible use for cardiac autologous cell therapy. We have compared here the features specific to embryonic stem cells in
relation to their potential for differentiation into cardiomyocytes and we summarise what
these in vitro models have taught us about the mechanisms of cardiac differentiation. We
then review the state of cardiac cell therapy with embryonic stem cells. Finally, we describe
the most recent advances in the field of tissue engineering as a strategy for the optimum
reconstruction of myocardial tissue.

INTRODUCTION
The heart is a fascinating organ that has always aroused considerable interest. Traditionally represented as the seat of the emotions, the heart has however become the
site of one of the most common and deadly diseases of our time and, consequently,
one of the greatest challenges of modern medicine. Cardiovascular diseases are one
of the main causes of morbidity and mortality in the developed and the developing
countries. That is why an understanding of the mechanisms of cardiac development
has become essential, not only for the purposes of fundamental research and basic
knowledge, but also to allow the development of new treatments.
Unlike certain other organs such as the liver, skin or bone, cardiac muscle is
not capable of self-regeneration after injury. In-depth studies of foetal and adult
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mammalian hearts and on isolated cardiomyocytes were essential in the past to
allow the development of pharmacological and surgical treatment of heart failure. However, these treatments only acted on the remaining cardiomyocytes [1],
which are already subject to a mechanical overload, resulting inevitably in terminal heart failure.
Cardiac cell therapy, also known as cardiac regenerative medicine, is viewed as a
means of helping the damaged heart by implanting healthy new cells to replace the
dead cardiomyocytes and thus regenerate the myocardium. The survival of exogenous heart cells after implantation into the myocardium has been demonstrated, but
more in-depth studies are still required to determine whether the transplanted cells
are functional, electrically coupled with the surrounding myocardium and capable
of synchronous contractile performance.
What ideally would be the best source of cells to fulfil these conditions? A
number of companies are currently attempting to answer this question by both in
vivo and in vitro studies. Cardiomyocytes produced in vitro, or at least precursors
destined for the heart, would be a source of choice. However, to obtain a sufficient
quantity for transplantation, capable of accomplishing and ensuring the correct
functioning of the heart, detailed knowledge of the basic mechanisms of cardiac differentiation is required. In this review, we describe the different types of embryonic
stem cells capable of differentiating into cardiomyocytes in vitro and summarise in
greater detail what these in vitro differentiation models have taught us about cardiogenesis.
Mechanisms of cardiac differentiation in vivo
In vivo, cardiomyocytes derive from the lateral mesoderm. Studies conducted in
drosophila and in amphibian or chicken embryos have given us a better understanding of some of the mechanisms resulting in cardiogenesis and cardiac differentiation. The predominant role of growth factors and morphogenes with a pro- or anticardiogenic effect has proved vital in this process. These factors are secreted during
embryogenesis by cells of endodermal, mesodermal or ectodermal origin surrounding the cardiogenic mesoderm. They activate a series of signal cascades that induce
the expression of cardiac transcription factors sequentially and temporally. These
then trigger the gene expression programme resulting in the development of a functional cardiomyocyte [2–4]. Figure 1 summarises the signalling pathways identified
by means of these models. Characterisation of the complex effects of these growth
factors, the signal cascades which they activate or inhibit, and their target genes is
very important to allow the possibility one day of 1) specifically guiding the differentiation of embryonic stem cells into cardiomyocytes and 2) achieving the reprogramming of stem cells obtained from other tissues.
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Figure 1. General outline of the different families of growth factors involved in cardiac differentiation.
The results summarised in this figure have been obtained in animal models such as drosophila, mice
and amphibian and chicken embryos. Activation of the upstream signalling pathways induces the
expression of Nkx, MEF2, GATA and T-box type transcription factors.

Vital procardiogenic factors, such as several members of the superfamily of transforming growth factor-β (TGF-β), are secreted by the endoderm [5]. For example,
the treatment of explants of Xenopus Laevis embryos with activin A can induce cardiac differentiation [5]. Similarly, the simultaneous application of factors such as
bone morphogenetic protein-2 (BMP-2) and fibroblast growth factor-4 (FGF-4) can
induce cardiogenesis from chicken non-precardiac embryonic mesoderm [7].
Cripto, a factor expressed in murine early mesoderm [8], also has a permissive
effect by allowing Nodal, another member of this TGF-β superfamily, to bind to its
receptor [9, 10].
The Wnt/β-catenin pathway also plays an important role in vivo [11]. The canonical pathway, which involves Wnt1, 3 and 8 and results in the activation of β-catenin, has an anticardiogenic effect. In fact, conditional knockout of the β-catenin
gene in the definitive endoderm induces ectopic BMP-2 expression and multiple
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heart formation [12]. Certain antagonists of the canonical pathway such as Dickkopf-1 or Crescent play an indirect role in cardiac induction via the transcription
factor Hex [13]. Conversely, the non-canonical pathway, involving Wnt11 and
activating protein kinase C (PKC)-dependent signalling promotes cardiogenesis
[14]. Studies in chicken embryos have demonstrated a positive effect of Wnt11 on
cardiac differentiation, as this factor is capable of inducing ectopic cardiogenesis
[15, 16].
In cardiac precursor cells, activating or inhibiting signals (growth factors, morphogenes, peptides) trigger and modulate the expression of a complex network of
transcription factors. The families of transcription factors Nkx [17, 18], MEF2
(myocyte enhancer factor-2) [19, 20], GATA [21, 22] and T-box [23, 24] all play a
role in differentiation. Members of different families may interact with one another
or mutually affect their expression rate [25–27]. Several of these factors are
expressed principally in the heart, but none of them is expressed solely in cardiac
cells throughout the whole of development.
Stem cells: non-essentialist definitions
Stem cells possess two main properties: the faculty of proliferating while remaining
undifferentiated and that of differentiating under the action of specific signals that
trigger the process. They are classified according to their potential for differentiation. If a stem cell can produce differentiated cells deriving from the three embryonal germ layers, it is defined as pluripotent. If it can produce several types of cells
deriving from a single embryonal germ layer, it is defined as multipotent. If the
potential for differentiation is limited to a single cell type, the stem cell is then
known as unipotent.
Stem cell lines derived from embryos, such as embryonal carcinoma cells (ECC)
and embryonal stem cells (ESC), are pluripotent. These lines represent a very powerful tool for studying the stages of development in vitro, for example the specification of embryonal germ layers or the early differentiation of heart cells [28, 29].
Conversely, adult stem cells, which are found in a number of organs in the body and
are responsible for the maintenance and repair of organs, prove to be multipotent or
unipotent.
In principle, cardiomyocytes may be derived from different types of adult [30] or
embryonic stem cells (figure 2). Here, we shall essentially provide an overview of
the different studies demonstrating the cardiogenic potential of embryonic stem
cells. Their in vitro differentiation into cardiomyocytes in fact represents a model of
choice for the study of the fundamental mechanisms of the development of the
heart. This not only opens the door to potential treatments by cell therapy, but also
enables us to increase our knowledge of molecular, cell and developmental biology.
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Figure 2. De novo cardiogenesis from embryonic or carcinoma (top left) stem cells. In vitro differentiation from adult stem cells of cardiac (top right) or extracardiac (dotted) origin remains a matter of dispute, particularly in the latter case.

CARDIOMYOCYTES DERIVED FROM EMBRYONIC STEM CELLS
Several pluripotent stem cell models are available for the study of cardiac differentiation in vitro: 1) mouse embryonal carcinoma stem cells (mECC) derived from teratocarcinomas originating from primordial germ cells, 2) mouse embryonic stem
cells (mECS), and 3) human embryonic stem cells (hECS), the last two being
derived from early embryos. When they are placed in specific conditions, these three
types of cell can differentiate spontaneously into cardiomyocytes which contract
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automatically. This therefore allows the in vitro study and identification of transcription factors regulating myofibrillogenesis and the establishment of cardiac electrophysiological characteristics. In addition, the specific properties of embryonic cardiomyocytes can be compared with the properties of neonatal or adult heart cells.
Lastly, these models can allow the discovery of new genes that play a role in cardiac
differentiation or new ways of specifically inducing pluripotent cells in the cardiac
differentiation pathway [CHO].
Mouse embryonal carcinoma cells
Mouse embryonal carcinoma stem cells (mECC) represent the first model that enabled cardiac differentiation to be studied in vitro. These cells are comparable to the
population of stem cells found in teratocarcinomas deriving from primordial germ
cells. Several euploid and pluripotent cell lines have been derived from teratocarcinomas generated by subcutaneous injection of gastrula stage mouse embryos [31,
32]. The mECC lines can be propagated in culture simply and practically for very
long periods and they are pluripotent as they form a teratoma after subcutaneous
injection into a “naked” mouse. In vitro, differentiation of mECC is induced by
leaving the cells to aggregate in suspension and to form three-dimensional structures known as embryoid bodies (EB) [33].
The majority of the studies on mECC were conducted on the P19 line [34–39]. In
this line, cardiac differentiation can be induced by cell aggregation combined with
the addition to the culture medium of weak concentrations of dimethylsulphoxide
[40, 41] or retinoic acid (RA) [42]. Using this protocol, some of the cells differentiate into cardiomyocytes and start to contract spontaneously. Another line which differentiates into the cardiac phenotype with about 90% efficacy was subcloned from
P19 and called P19CL6 [43–45]. However, in the absence of dimethylsulphoxide or
retinoic acid, there is no spontaneous cardiogenesis.
During cardiac differentiation, growth factors and morphogenes secreted in particular by cells derived from the other embryonal germ layers play a very important
role (figure 1). The need for the presence of a primitive extra-embryonic endoderm
layer around the future heart cells was demonstrated first of all in EB formed with
mECC [46]. Later, Mummery et al. [47] showed that cells derived from visceral
endoderm and not from parietal endoderm or mesoderm could induce cardiac differentiation independently of dimethylsulphoxide by coculturing ECC with a cell line
of visceral endoderm known as END-2. In fact, a culture medium “conditioned”
with END-2 cells is sufficient to activate the process, demonstrating the role of soluble factors secreted by the endoderm.
The cardiomyocytes derive from mECC express cardiac sarcomeric proteins such
as α-cardiac and α-skeletal actins, myosin heavy chains (MHC), atrial myosin light
chain (mlc) 2 and mlc1 [48, 49]. Action potentials (AP) and typical ion currents of
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cardiac cells can be measured in these cells, the properties of which change over
time in culture, but remain close to a foetal or neonatal stage [50, 51]. The studies
indicate that the mECC model comparably reproduces murine cardiogenesis in
vitro.
Mouse embryonic stem cells
The first mouse embryonic stem cell lines (mECS) were derived in 1981 from blastocyst-stage mouse embryos [52]. The propagation of these cells in culture requires
stricter conditions to prevent spontaneous differentiation; it is therefore more laborious than that of mECC. In particular, mECS must usually be cultured in the presence of nurse cells, such as inactivated mouse embryonic fibroblasts (MEF). In
1985, Doetschman et al. [53] described for the first time the presence of cardiac
cells in EB derived from mECS.
Characterisation of mECS-derived cardiomyocytes
The expression over time of different sarcomeric proteins in mECS-derived cardiomyocytes has been the subject of extensive investigations. Guan et al. [54]
showed that several proteins were inserted successively and in the same way into
sarcomeres during the development of the foetal chicken heart in vivo. Other studies indicate that β-MHC, which is expressed in vivo during foetal life, appears
after 3–4 days of differentiation, whereas α-MHC which is usually expressed in
vivo only in adulthood may be detected after 8 days of differentiation in vitro [55,
56]. Analysis of the isoforms of tropomyosin showed that the β-tropomyosin specific to striated muscle is only expressed in EB after 6 days of differentiation,
whereas it is already present in undifferentiated mECS, like several other nonmuscle tropomyosin isoforms [57]. By studying the chronological appearance of
myosin light chains, Miller-Hance et al. [58] showed that the ventricular isoform
mlc2v is expressed in EB, indicating the capacity of cardiac cells to specialise in
vitro into a ventricular phenotype. As regards the different isoforms of actin, the
α-smooth muscle, α-skeletal and α-cardiac actins are all expressed in mECSderived cardiomyocytes and are incorporated in organised sarcomeres [59]. In
order to study the effect of the extracellular matrix on the ultrastructural maturation of cardiomyocytes isolated from EB, cardiac cells were placed either in plastic culture dishes or culture dishes covered with matrigel or cardiogel, a matrix
deposited by isolated neonatal mouse heart fibroblasts [60]. The cells had a better
sarcomeric organisation on cardiogel, which indicates that a matrix which mimics
in vivo conditions allows cultured cells to mature better.
Functionally, electrophysiological studies first of all revealed that the forms
of AP measured in mECS-derived cardiomyocytes were principally of the
embryonic or pacemaker type and that these cells responded to chronotropic
agents and to ion channel blockers [61]. Subsequently, patch-clamp analysis of
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isolated cardiomyocytes showed how the AP characteristics became more
mature over the course of time. In fact, in early cardiomyocytes, only pacemaker AP can be measured, whereas pacemaker, atrial and ventricular AP
appear at later differentiation times [62]. Several other studies have identified
specific functional aspects; in fact, mECS-derived heart cells show a) ionic currents appearing in a regulated fashion during development [63, 64], b) a functional β-adrenergic system [65], and c) calcium-sensitive contractile properties
[66]. In addition, the T-type calcium current has been characterised in detail
[67, 68], as well as the coupling of the NA+/Ca+ exchanger with Na+/K+ ATPase
[69]. The appearance of cardiomyocyte subtypes has been monitored by means
of reporter genes placed under the control of different cardiac promoters. It has
therefore been possible to increase the number of pacemaker and atrial cells
when the α-MHC promoter is used [70], or of pacemaker cells alone when the
atrial natriuretic peptide (ANP) promoter is used [71]. In this last study, treatment of EB with endothelin-1 also enabled the total percentage of pacemaker
cells to be increased. As far as the ventricular cardiomyocytes are concerned,
these can be isolated when a reporter gene placed under the control of the mlc2v
promoter is used [72].
In summary, the in vitro characterisation of mECS-derived cardiomyocytes
shows a clear correlation with in vivo development, enabling the mECS differentiation model to be validated as suitable for the study of cardiac development in
vitro.
mECS: factors and signalling pathways involved in cardiac differentiation
A number of factors and morphogenes that play a role in cardiac differentiation have
already been identified by means of in vivo models (figure 1). They have also been
tested on differentiating mECS in order to confirm their involvement in cardiogenesis or to increase the percentage of cells destined for the heart. Factors currently
known to be necessary to the cardiogenic process of mECS or having the capacity to
increase it are summarised in figure 3. The presence of endoderm-derived cells in
EB is necessary for cardiogenesis to take place. In fact, Bader et al. [73] showed that
a layer of primitive endoderm cells is found around EB from the second day of differentiation and enzyme ablation of the cells inhibits cardiogenesis. In another
study, coculture of early EB with chicken precardiac endoderm explants increases
the proportion of contractile cells in the EB from 10 to 65% compared to cocultures
of non-precardiac endoderm explants [74]. It should be noted that precardiac endoderm and mesoderm explants used together have a potentiating effect as they induce
the presence of cardiac cells in 100% of EB, which suggests that the mesoderm and
the factors it secretes also play a very important role. Coculture of mECS with the
END-2 endodermal cell line therefore promotes cardiogenesis, confirming the
results obtained in mECC [75].
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Figure 3. Outline of the different growth factors that play a role in the cardiac differentiation of mECC
(A) and mECS (B), and the signalling pathways they activate. All these results have been specifically
obtained in models of mECC and mECS, except the boxed parts of signalling pathways, which correspond to the molecules activated consensually in the pathways concerned.
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The study of specific factors secreted by endoderm has shown that treatment of
mECS with BMP-2 and TGF-β before the formation of EB induces mRNA expression of the Brachyury, Nkx2.5 and MEF2C proteins [76], resulting in larger contractile zones. This effect may be countered by the noggin protein, the inhibitor of
the BMP/TGF-β pathway. The effect of noggin on cardiac differentiation, however,
is disputed. On the one hand, its continuous overexpression inhibits cardiogenesis in
EB derived from mECS [76] and mECC [77–79]. In the same study, a culture
medium conditioned on noggin-expressing cells even inhibited the cardiac differentiation of mECS in coculture with neonatal cardiomyocytes. On the other hand,
Yuasa et al. [80] exploited the interesting observation whereby noggin is expressed
briefly in vivo in the mouse in the cardiogenic area. By exposing mECS to noggin
before the formation of EB, the effect of noggin becomes procardiogenic and the
percentage of EB containing cardiomyocytes increases from 10% to more than
95%. In conclusion, inhibition of BMP-dependent signalling by noggin might exert
opposite effects on cardiogenesis depending on the time and duration of treatment.
As far as the other factors are concerned, it has been shown that TGF-β2 (and not
-β1 or -β3) might increase the percentage of EB containing cardiomyocytes [81]. A
study with mECS derived from FGF1 receptor knock-out mice has also indicated
that the absence of this receptor reduces the percentage of EB that contract from 90
to 10%, demonstrating the involvement of FGF1-dependent signalling in cardiac
differentiation [82, 83]. Cripto is another growth factor expressed in the developing
heart which acts as a cofactor of Nodal, one of the members of the TGF-β superfamily. Xu et al. [84] demonstrated the role of Cripto in cardiogenesis, as its deletion in mECS prevents the appearance of contractile heart cells. The effect of Cripto
on cardiogenesis is dependent on the attachment of Cripto to the Alk4 receptor and
activation of the pathway involving Smad2 [85].
The involvement of the non-canonical pathway in cardiogenesis has been confirmed by Terami et al. [86]. With GFP-expressing mECS under the control of the
Nkx2.5 promoter, the use of a Wnt11-conditioned medium increases the percentage
of EB containing cardiomyocytes from 7 to 15%, indicating the positive effect of
Wnt11 on cardiogenesis.
Two other signalling pathways have recently been implicated in the cardiac differentiation of mECS: the heregulin and ErbB receptor-dependent pathway [87] and
the ephrin pathway [88].
Differentiation experiments have been conducted in the majority of studies mentioned earlier in the presence of 20% foetal calf serum (FCS). Consequently, it is not
possible to exclude a possible interfering effect of the factors already present in FCS
with procardiogenic factors. Sachinidis et al. [89] therefore developed a serum-free
differentiation protocol, replacing FCS on day five of differentiation by a medium
containing a serum substitute (composed of bovine serum albumin, transferrin and
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insulin, but devoid of growth factors). Under these conditions, 80% of EB contained
contractile zones and this figure increased to 100% if PDGF-BB was added. However, the cells obtained did not contain a high degree of sarcomeric organisation,
which is an indicator of an immature phenotype.
The mECS model also enabled the involvement of other signalling pathways in
cardiac differentiation to be confirmed. The study of Shp2-deficient mECS revealed
that the absence of this tyrosine phosphatase, usually expressed ubiquitously during
the development of the mouse and involved in the upstream signalling of growth
factors, reduced cardiogenesis in EB [90]. Shp2 is known to activate the ERKkinase and PI-3-kinase pathway. Treatment of EB with the PI-3-kinase inhibitor
LY294002 delays cell growth in EB and markedly reduces the contractile zones
[91]. This effect might be due to direct involvement of the PI-3-kinase pathway in
the proliferation and/or survival of cardiac precursor cells, rather than a direct effect
on cardiogenesis [92, 93].
One of the possible consequences of activation of PI-3-kinase is the generation of
free radicals (reactive oxygen species [ROS]). A study by Sauer et al. [94] reported
that 2–3 day old EB produce measurable quantities of ROS and that inhibition of
this endogenous ROS production by scavengers reduces the percentage of contractile zones. A similar effect was obtained using PI-3-kinase inhibitors. This phenotype, however, could be reversed by the addition of exogenous ROS to the EB
treated with PI-3-kinase inhibitors. The same team also showed that cardiotrophin-1
is one of the endogenous factors that promotes survival and proliferation of cardiac
cells in EB through ROS generation [95]. In fact, treatment of EB with cardiotrophin-1 increases the quantity of ROS and activates a signalling pathway that
involves JAK2, NFκB, STAT3 and ERK. Another study confirmed the role of
JAK2 and STAT3 in the processes of cardiogenesis from mECS [96].
Other intracellular mechanisms, such as calcium-induced signalling, have been
implicated in cardiac differentiation. We have shown that calreticulin, a chaperone
protein residing in the endoplasmic reticulum, plays a role in cardiogenesis; in fact,
EB formed from calreticulin-deficient mECS are characterised by poor myofibrillogenesis [97]. In the absence of calreticulin, this anomaly is reversible when an elevation of intracellular calcium concentration is induced transiently with ionomycin.
Similarly, inhibition of calcium- and calmodulin-dependent kinases (CAMK) in
wild type EB may mimic the phenotype of calreticulin-deficient EB. This indicates
that a calcium checkpoint is essential for activation of CAMK, which in turn induce
nuclear translocation of MEF2c and the expression, phosphorylation and incorporation of mlc2v in functional sarcomeres [98].
Small chemical compounds known to increase cardiac differentiation of mECC
have also been tested on mECS. Dimethylsulphoxide also pushes cells towards
muscular differentiation, but the effect is not specific to cardiogenesis, as has been
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shown by the presence of skeletal and smooth muscle cells among cardiomyocytes
[99]. In contrast to mECC, the effect of RA on the differentiation of mECS into cardiac cells is disputed and apparently extremely dependent on the dose and duration
of application of RA to the cells. Concentrations greater than 10–9 M appear to
reduce the expression of cardiac and mesodermal genes and promote neuronal differentiation [99, 100]. However, other studies have reported that RA at a concentration of 10–9 M did not modify the quantity of contractile zones [101], or conversely
increased the proportion of cardiomyocytes [102]. In the last study mentioned, a
change in distribution of cardiomyocytes subtypes was even observed in the presence of 10–9 M RA. The number of cardiac cells with a Purkinje fibre or ventricular
cardiomyocyte phenotype was in fact increased compared to that of atrial and pacemaker cells. The application of 10–6 M RA to EB activates the ERK pathway implicated in cardiac differentiation, but these EB do not contract spontaneously [103].
Treatment of EB with PD98059, an inhibitor of MEK1 (the kinase that activates
ERK), has no effect on the percentage of EB that contract. In conclusion, the effect
of RA on cardiac differentiation appears to be dependent on an ERK-independent
signalling pathway.
Other original approaches have been tested. For example, it has been documented
that CD44, the hyaluronan (or hyaluronic acid) receptor, is expressed in the embryonic heart [104], and that after its attachment to the receptor, hyaluronan is internalised in the cell and can therefore act as a transporter of other types of molecules.
Treatment of EB with RA- and butyric acid-conjugated hyaluronan induces a significant increase in the number of contractile zones, whereas hyaluronan conjugated
with only one of these components produces no effect and, alone, it even results in a
reduction in the number of contractile zones [105, 106].
In the search for molecules with a procardiogenic effect, Takahashi et al. [107]
tested the effect on mECS cultured in layers rather than in EB of 880 chemical compounds approved for use in humans. Using a GFP-expressing cell line under the
control of the α-MHC promoter, they found that ascorbic acid (or vitamin C)
resulted in the production of five times more GFP-positive contractile cardiac cells
than control conditions, whereas antioxidant molecules such as N-actylcysteine and
vitamin E had no effect. In another study, a library of heterocycles was also tested
for the capacity of each molecule to induce cardiogenesis of mECS in layers [108].
One compound in particular, known as cardiogenol C, resulted in the differentiation
of 40 to 50% of cells into contractile cardiomyocytes after 7 days of culture.
Nitric oxide or nitrogen monoxide (NO) is a small molecule produced by several
isoforms of the enzyme nitric oxide synthase (NOS) capable of regulating cell processes via activation of guanylate cyclase and production of cyclic GMP. Its involvement in cardiogenesis has been reported as several of the NOS isoforms are
expressed in the embryonic heart and in EB [109]. In addition, NOS inhibitors can
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reduce the degree of sarcomeric organisation of mECS-derived cardiomyocytes
without reducing their number. Another study also demonstrated that the addition of
exogenous NO or the overexpression of NOS increases the percentage and total surface area of contractile zones and the total expression of specifically cardiac proteins [110].
Human embryonic stem cells
In 1998, Thomson et al. [111] derived the first human embryonic stem cell lines
(hECS) from human embryos that had reached the blastocyst stage, superfluous
embryos obtained after in vitro fertilisation. Previously, the only human cardiomyocytes available for research came from foetuses recovered after abortion and not
from embryos. hECS from then on constituted a unique tool for the study of mechanisms of human cardiogenesis in vitro. The derivation of hECS created an enormous
hope and a veritable craze as researchers hoped one day to be able to treat certain
diseases by cell therapy, including those of the heart. Since 1998, several hundreds
of hECS lines have been derived across the world [112]. Conventional culture protocols involved a coculture of undifferentiated hECS with nurse cells, MEF (figure 4).
The presence of MEF might also play a role in maintaining a normal karyotype of
hECS by reducing the selection pressure in culture [113].
In order to induce differentiation, the same technique was used as for mECC and
mECS, in other words the formation of EB (figure 4). Because hECS grow in the
form of large colonies and do not tolerate well being in the form of isolated cells,
EB are formed by suspending colonies of hECS in the presence of FCS. This technique allows the induction of differentiation. The first demonstration of the potential of hECS to differentiate into cells derived from the three embryonic germ layers, including cardiomyocytes, was published in 2000 [114].
Characterisation of cardiomyocytes derived from hECS
First of all, the quantification of the number of EB containing beating zones showed
that the phenomenon was not very common as only 8% of EB contained such zones
after 30 days of differentiation [115]. These cardiac cells expressed cardiac genes
such as Nkx2.5, GATA4, the cardiac troponins T and I, ANP, α-MHC, mlc2v and
mlc2a, transcribed into mRNA. Sarcomeric structures were visible after immunolabelling, for example with antibodies directed against cardiac troponin I and MHC.
The cardiac cells obtained also showed the presence of elevations of intracellular
free calcium and their frequency of contraction was sensitive to chronotropic agents.
In another study, the presence of beating zones was observed in 60% of EB after
15 days of differentiation [116]. The major differences may be explained by the use
of different hECS lines, different culture conditions or different differentiation protocols.
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Figure 4. Cultured human embryonic stem cells (a, b: colonies of undifferentiated hECS on irradiated
murine fibroblasts). Differentiation procedure by detachment and fragmentation of colonies and creation of embryoid bodies (d, c), which are then adhered and cultured (e). The identification of differentiated cardiomyocytes is visible from the appearance of contractile zones (f, shaded line) and by immunolabelling of sarcomeric proteins (g, α-actinin; middle, dark: nucleus stained with DAPI) on isolated
cells.
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Evaluation of the ultrastructural maturation of the cells by electron microscopy
showed that these cardiomyocytes contained increasingly more sarcomeres with
time and that they were increasingly better organized [117]. The size of the cells
also increases with time and they are capable of providing up to day 35 of differentiation. However, the absence of T tubules, even after 60 days, appears to indicate
that hECS-derived cardiomyocytes do not achieve an adult phenotype in vitro.
Several functional studies have already implemented our knowledge of hECSderived cardiomyocytes. He et al. [118] recorded the presence of pacemaker, atrial
and ventricular types AP in these cells. In addition, one type of AP is generally predominant in a given group of cardiac cells, suggesting that a predominant subtype
develops in each group.
The functionality of the muscarinic and β-adrenergic signalling pathways has also
been demonstrated [119], as well as the presence of Na+ and pacemaker currents,
but the absence of the inward rectifier K+ current, suggesting that the Na+ current is
of major importance in the induction of AP [120].
Monitoring of the conduction properties in groups of cardiomyocytes connected
to one another and isolated from the rest of the EB and then placed in special culture
dishes allowing functional measurements (multi-electrode arrays) revealed the presence of zones with different conduction rates [121]. Two groups were distinguished:
a rapid conduction group and a slow conduction group. The conduction rate
appeared to depend on the 3D micro-architecture of each beating zone, as the presence of narrow bundles of cardiomyocytes considerably delayed the electrical
influx. The conduction rates measured in these experiments are much slower than
the values for the adult human heart or those obtained with cultured neonatal rat or
mouse cardiomyocyte layers.
The capacity of hECS-derived cardiomyocytes to connect electrically with other
cardiac cells has been studied in a coculture model with neonatal rat ventricular cardiomyocytes [122]. The latter triggered electrical impulses capable of being propagated to human cardiomyocytes, demonstrating the presence of connections. In the
same study, the in vitro integration of the cells was demonstrated in a pig model
with atrioventricular block. In fact, implantation of a group of hECS-derived cardiomyocytes can institute an escape rhythm in this model, as demonstrated by ECG
measurements and electro-anatomical mapping.
Similarly, Xue et al. [123] showed in a coculture model with quiescent neonatal
rat cardiomyocytes that hECS-derived and dissected cardiomyocytes could restore
the propagation of an electrical impulse by direct contact and function as a pacemaker of rat cells. Moreover, after in vitro transplantation, this time in a guinea-pig
model of cryo-ablation of the atrioventricular node, human cardiac cells were also
capable of connecting and functioning as a pacemaker. This confirms the results of
the previous study and indicates that hECS-derived cardiomyocytes might be used
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as biological pacemakers, at least in the short-term, as their long-term effect has not
yet been studied.
hECS: factors and signalling pathways involved in cardiac differentiation
The procardiogenic role of certain growth factors and morphogenes discovered in
murine models must now also be demonstrated for human cardiogenesis (figures 1
and 3). Strategies for increasing the efficacy of the cardiogenic process in EB
formed from hECS are currently the subject of very active investigations. The effect
of several growth factors on EB cells dissociated after 5 days of differentiation has
been explored [124]. Activin A and TGF-β1 induce the expression of mesodermal
genes, whereas RA, BMP-4, bFGF and EGF induce the expression of mesodermal
and ectodermal genes and, lastly, NGF and HGF do not induce any specific expression.
As was observed in the mECC and mECS models, the system of coculture with
the END-2 endodermal cell line promotes cardiac differentiation without the formation of EB [125]. The cells obtained with this protocol also show functional atrial,
ventricular and pacemaker cell phenotypes, as observed from the shape of the AP
measured. Astonishingly, this research group also demonstrated that, by reducing
the concentration of FCS from 20 to 0% in the same coculture system, it could
obtained 24 times more contractile zones [126]. In conclusion, it is for this reason
that the endodermal factors secreted by the END-2 cell line are sufficient to induce
cardiac differentiation, whereas FCS traditionally used in differentiation experiments with EB appears to contain inhibitory factors as well.
Molecules known to promote the cardiogenesis of mECC and mECS have also
been tested on EB in the process of differentiation. However, neither dimethylsulphoxide nor retinoic acid increase the percentage of EB containing contractile zones
[115]. Conversely, treatment of EB from day 6 to day 8 of differentiation with 5aza-2'-deoxycytidine increases the quantity of α-MHC expressed [116]. It should be
noted that the addition of ascorbic acid to hECS–END-2 cocultures in the absence
of FCS even enabled the number of beating zones to be increased by 40% [126].
LESSONS DRAWN FROM EMBRYONIC STEM CELL MODELS
The scientific studies conducted on mECC, mECS and hECS have each provided
precious new information about cardiac development, which might result one day in
the use of hECS in cell transplantation therapies. Figure 3 provides a list of growth
factors and signalling pathways which activate and regulate cardiogenesis of mECC
and mECS. mECC have for the first time allowed cardiac differentiation to be studied in vitro and provided a better characterisation of gene expression, interactions
between transcription factors, and interactions between cells and growth factors
required for cardiogenesis (figure 3A). The differentiation of mECS cardiomyocytes
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[129–131] has allowed the fine characterisation of the effects of these growth factors
and an in-depth study of cardiac functional maturation processes during development (figure 3B). Some factors however appear to have an opposite effect depending on the time and concentration at which they are applied (for example, BMP-2
and noggin or RA). The study of hECS is still in its early stages. In fact, it still
remains to be confirmed whether growth factors and upstream signalling pathways
are similar in murine and human models. The next essential stages in the characterisation of hECS-derived cardiomyocytes for the purpose of potential treatments by
cell transplantation in humans involves providing a response to the following two
questions. 1) How to increase substantially the quantity of cardiomyocytes
obtained? 2) How do cells behave after transplantation in animal models?
A certain variability has often been observed between the different studies using
ESC. This may be explained by several non-mutually exclusive reasons. First of all,
the percentage of EB containing beating zones under control conditions may vary
substantially according to the cell line, the protocols, the culture media and/or the
composition of FCS. Secondly, cells in the process of differentiating into EB form a
mixed population unless the cells studied are specifically purified. That is why,
depending on the technique used, there is no certainty that a gene studied is specifically expressed or active in the population of cardiac cells. The effect may therefore
be direct or indirect.
Working with purified precursor mesodermal cells might prevent these technical
problems and allow growth factors to be tested in purified populations. For example, early mesodermal cells were isolated using mECS containing the GFP gene
introduced into the locus of the Brachyury gene, an early mesodermal transcription
factor [130]. These cells become GFP-positive when they differentiate into haematopoietic and cardiac cells. The isolation and propagation of cardiac progenitor cells
from EB have also been reported recently with the selection of cells that expressed
the mesodermal marker Flk1 and after coculture with a stromal cell line known as
OP9 [131].
The murine and human ESC models both reproduce in vitro cardiac development
structurally and electrophysiologically very similarly. In both models functional
measurements have shown that ESC-derived cardiomyocytes are capable of becoming more mature over time. The main differences between the two models demonstrated by several research teams include the lower percentage of EB containing
beating zones, the slower rate of differentiation and the lower contraction frequency
in humans than in mice, which is compatible with the longer duration of development of humans. However, the degree of sarcomeric organisation still does not
achieve an adult phenotype in any of these models. We have recently demonstrated
that hECS-derived human cardiomyocytes cultured for more than 3 months are
capable of maturing in culture [132]. In fact, the different ionic conductances (meas257
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ured by conventional electrophysiological techniques) that control cardiac action
potential undergo functional modifications over time. That indicates to us that these
cells pass from an immature phenotype to a phenotype functionally similar to “foetal” cardiomyocytes.
The strategies to promote cardiac differentiation by treating EB or ESC in layers
with procardiogenic factors have yielded interesting preliminary results that have
raised the hope that in future it will be possible to determine the composition of a
“cardiogenic cocktail” capable of inducing differentiation in a highly enriched or
even pure population of cardiomyocytes. Any factor or chemical compound may
have a permissive effect on cardiogenesis at different levels. It may, for example,
promote the formation of mesoderm or endoderm, the proliferation of precursor cardiac cells and/or their survival. The majority of procardiogenic factors have a demonstrated effect on only one of the three cell types. Only the system of coculture
with the END-2 cell line appears to promote cardiogenesis in the three models,
which confirms the fact that a mixture of factors is most probably necessary.
CARDIAC CELL THERAPY
The concept of myocardial regeneration by implantation of cardiomyocytes derived
from murine embryonic stem cells and selected by antibiotic resistance was validated some 10 years ago by the group under Professor L. Field [133]. These cardiomyocytes injected into the non-infarcted myocardium of adult dystrophin-deficient
mdx mice were able to implant themselves into myocardial tissue while reorganising the sarcomeres in the same way as the host cells without the formation of a teratoma. In this respect, the purity of the injected cells and the risk of teratoma formation are two questions of vital importance as it has been shown that only two
undifferentiated mECS may suffice after subcutaneous injection in the “naked”
mouse to cause a teratoma [134].
Several studies have demonstrated the feasibility of transplanting cardiomyocytes into rat [76, 135–137] or sheep [138] myocardium, but also unspecialised
murine embryonic stem cells. More specifically, Behfar et al. [76] have shown
that implantation of undifferentiated murine embryonic stem cells into the rat
heart culminated in the in situ specialisation of these cells into cardiomyocytes
without the need for immunosuppression. This differentiation appears to result
from activation of the TGF-β pathway by a paracrine action of the heart. This
hypothesis would be extremely interesting, particularly as repair mechanisms
might be activated preferentially in the diseased organ and not in healthy tissue,
although this last aspect has not been explored. Remarkably, nevertheless, this
implies the notion of a “niche” and the importance of the environment in which
the stem cells are located [139].
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Before any possible clinical application, strategies designed to prevent undifferentiated ESC from giving rise to teratomas obviously remain to be implemented, such
as suicide genes enabling non-cardiogenic cells to be eliminated. In addition,
although ESC do not appear to express major histocompatibility complex proteins
(class I MHC weakly expressed and class II MHC absent), the problem of possible
rejection of the cells in an allo- or even a xenogenic context, particularly in the longterm, remains to be resolved in the event that differentiated ESC or those exposed to
specific stimuli are induced to expressed MHC antigens.
Tissue engineering: new strategies of cardiac reconstruction
The injection of a suspension of cells into a contracting myocardium results in very
poor cell implantation and more than 90% of the cells do not remain at the injection
site. The cardiac tissue engineering strategies under development over the past few
years constitute a solution of choice. In fact, the concept is currently being explored
of incorporating cells with three-dimensional and biodegradable matrices in order to
give them a structural support and to improve their implantation as well as their integration into myocardial tissue (for review, see [140]).
Several biomaterials of natural or synthetic origin [141–143] are currently under
study as 1) they mimic the extracellular environment and 2) they enable growth factors, morphogenes or even cytokines that are important for the differentiation and/or
survival of cells to be incorporated, while enabling these cells to dispose of them in
a controlled fashion. Recently, we have seen the generation of flexible tissues composed of natural polymers such as collagen [144], gelatin, alginate [145], hyaluronic
acid [146], chitosan [147] or polyglycolic acid-based synthetic polymers [148, 149].
Recently, the team under Professor T. Eschenhagen demonstrated the feasibility of
implanting neonatal cardiomyocytes incorporated in collagen rings into rats and
obtaining an improvement in cardiac function [144].
One of the major problems that remain to be solved is the vascularisation of these
tissues, either by stimulation of neo-angiogenesis, or by incorporation of progenitor
stem cells of endothelial cells to ensure their viability after integration. In addition,
it appears that other cell types such as fibroblasts and smooth muscle cells play an
important role in the development and maintenance of cardiac function [156–158].
We are currently developing hydrogels generated from plasma fibrinogen that can
be polymerised into fibrin fibres under the action of thrombin. These can be conjugated covalently by coagulation factor XIIa [159–162], a transglutaminase, which
also allows factors, cytokines or morphogenes, to be incorporated. These will then
be released by metalloproteinases secreted by the cells, which can therefore metabolise them in a controlled way [161, 163, 164].
Figure 5 illustrates our strategy currently under study: it involves generating “cardiopatches”, in other words cardiac dressings composed of fibrin and ESC destined for
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the heart and labelled with iron oxide particles. These cardiopatches are then applied
to the ventricular wall of a rat heart that has undergone infarction by coronary ligature.
The development of the cardiopatch and cardiac function is monitored by magnetic
resonance imaging [165] (manuscript in preparation). Encouraging preliminary results
point to optimal cell implantation and an improvement of cardiac function.

Cardiopatches for the therapy of myocardial
infarction in the rat
A
Ligature
of the
coronary
artery

3D biodegradable matrix

+ morphogens,
growth factors
+ cardiac ESC
+ growth factors
In vivo transplant

B
Iron oxide
Nanoparticules

IRM

Cardiopatch
Philips Intera 1.5T
Magnetofection
Figure 5. Tissue engineering strategy designed to generate biomatrices in the form of cardiopatches
containing embryonic stem cells with a cardiac destination. These cardiopatches are used to regenerate
the ventricular wall in a rat model of myocardial infarction (A). The fate of the cells that infiltrate the
ventricular wall is observed by means of the labelling of magnetofected cells with iron oxide nanoparticles and by magnetic resonance imaging (MRI), which allows a dynamic analysis of cardiac function.
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CONCLUSION
Stem cells derived from embryos are a unique tool for studying cardiogenesis in
vitro. Considerable progress has been achieved in our understanding of the mechanisms of cardiac differentiation, particularly as regards the role and effect of
certain growth factors. mECC-, mECS- and hECS-derived cardiomyocytes have
been characterised functionally and structurally and we now know that their
development reproduces early cardiogenesis, but that their stage of maturation
remains, for the majority of characteristics, at an embryonic stage. The quantity
of cardiomyocytes obtained is sufficient for in vitro studies. Nevertheless, the
efficacy of differentiation must be increased by growth factors if we are to obtain
sufficient cardiac cells for cell therapy. Better cell purification procedures are
also required to eliminate any potential risk of teratoma associated with the
residual presence of undifferentiated cells. Other studies should also determine
how the cells, whether differentiated or otherwise, respond to the environment
after in vitro implantation, in animal models to begin with, from a functional and
immunological viewpoint.
The debate about the capacity of adult stem cells, such as those of bone marrow,
adipose tissue or the heart itself, to generate cardiomyocytes in vitro remains unresolved and the dispute persists. There is still no consensus as to which adult stem
cells have the potential to differentiate into cardiomyocytes. However, the knowledge acquired from studying ESC will surely help advance the cardiac differentiation of adult stem cells.
Autologous adult stem cells are a source of cells which should be considered very
seriously for cell therapy as their use would resolve a certain number of problems
raised by the transplantation of ESC-derived cells, such as immune rejection and the
risk of teratoma formation.
Future studies on stem cells by means of large-scale genomic and proteomic analyses will surely help discover molecules that regulate the processes of differentiation. Other fields of research for which stem cells might provide an answer to crucial questions include genome reprogramming and the control of epigenetic
modifications. The effect of under- or overexpression of wild type or mutated genes
in certain human diseases might also be studied using these stem cell models. Pharmaceutical studies on ESC will also be useful to determine the safety or teratogenicity of chemical substances or drugs.
To conclude, it is important to stress that research into ESC and research into
adult stem cells are essential and complementary. At this stage of our knowledge, no
option should be neglected as the use of adult stem cell-derived cardiomyocytes for
cardiac cell therapy would eliminate immune rejection and ethical problems, two
points of dispute relating to the use of ESC for these clinical applications. Research
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into these two main cell classes should progress in parallel in order to result in an
effective treatment for heart failure by cell therapy.
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Xenotransplantation is one of the avenues currently being explored in an attempt to
overcome the shortage of human organs. Progress in the field is undeniable and
includes the prolonged survival of xenografted nonhuman primates and demonstration that pig organs meet the physiological requirements and sustain the life of primates for several months. In addition, reassuring safety data have also been generated. However, as yet, existing preclinical data are not sufficient to justify the
initiation of clinical trials.
INTRODUCTION
As a result of improved medical and technological interventions in the field of transplantation, an increasing number of people are now referred to this life-saving
approach. As a consequence, the need for organs far exceeds supply, resulting in
waiting lists that continue to grow exponentially and preventing many patients in
terminal organ failure from receiving a human organ.
Efforts to increase organ donation, to improve the usefulness of sub-optimal
organs, to utilise organs from living related donors, and to prolong graft survival
represent important corrective steps. However, current figures indicate that these
approaches are unlikely to ever fully meet demand. Indeed, only a minority of those
patients who can benefit from a transplant will be able to receive one. In addition,
mortality on the waiting list for an organ transplant is rather high [1]. Therefore, any
novel source of organs which could reduce this shortage by even a relatively small
margin would significantly impact on public health.
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In an attempt to meet the demand for organs for transplantation, many different
avenues are being explored. These include the development of artificial organs, tissue engineering and xenotransplantation using the pig as the organ source.
Should xenotransplantation become a reality, it would provide an unlimited supply of organs of any type or size for human transplantation [2]. The availability of
such organs would minimise the time spent on the waiting list, avoid the progressive
clinical deterioration that usually occurs while waiting for an organ and enable programmed, elective surgery in ideal clinical conditions. The shorter time spent on the
waiting list would considerably reduce the cost of treating patients with terminal
organ failure (such as with dialysis). Ischaemia time, which is considered an important factor for the long-term survival of an allograft, would be substantially reduced
by the use of xenotransplantation. The widespread availability of organs would
hopefully also eliminate the repeatedly reported illegal trading of human organs.
Finally, tightly monitored xenotransplants could paradoxically also offer a better
safety profile as compared to cadaveric donor allografts (Soulillou et al., submitted). Therefore, xenotransplantation could possibly represent the most promising
alternative to allotransplantation to meet the shortage of donor organs.
However, despite substantial progress in pig engineering and the development of
new immunosuppressive strategies which have resulted in significant improvements
in xenograft survival in nonhuman primates, several immunological and safetyrelated barriers have delayed the clinical application of xenotransplantation. Indeed,
three essential requirements have yet to be satisfactorily addressed in nonhuman primates studies. First, a sufficient understanding of the immunological mechanisms
underlying the rejection of a porcine xenograft in the primate must be provided,
along with evidence that the antixenograft immune response can be adequately controlled with a clinically acceptable immunosuppressive regimen. Second, efficacy
data must clearly show that xenografted organs meet the physiological requirements
of the recipient. Finally, the safety profile of this novel approach must be demonstrated by reassuring in vivo data in primates. In this light, this paper will describe
and critically review the current status of xenotransplantation with reference to
recent preclinical data describing results in pig-to-nonhuman primate cardiac and
renal transplantation studies, and discuss the issues which need to be met before
clinical application can be envisioned.
IMMUNOLOGICAL ISSUES
As far as the immunology of pig-to-primate xenotransplantation is concerned, considerable progress has recently been achieved. In particular, significant insight into
the mechanisms of the immune response towards a xenograft has been acquired and
strategies have been developed specifically to tackle hyperacute rejection (HAR)
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and acute humoral xenograft rejection (AHXR) (also called acute vascular rejection
[AVR] [3] or delayed xenograft rejection [DXR] [4]), the two key immunological
hurdles affecting the long-term survival of pig organs in the primate.
Until recently, HAR was the primary immunological barrier to xenotransplantation of pig organs in the primate. HAR is characterised by diffuse interstitial haemorrhage, oedema and thrombosis of small vessels and capillaries [5]. These changes
are secondary to endothelial activation and damage caused by pre-existing anti-pig
antibodies. At early time points following xenotransplantation, natural killer (NK)
cells and neutrophil infiltrates are observed in the graft, as is the extensive deposition of fibrin, immunoglobulins and complement (C3b and C5b-9). Clarification of
the mechanisms responsible for the onset of HAR has demonstrated the central role
of complement and antibodies in its pathogenesis [6]. As a consequence, approaches
have been undertaken which interfere with either the interaction of xenoreactive
natural antibodies with their primary target, Galα1-3Galβ1-4GlcNAc-R structures
(known as αGal epitopes) [7, 8] or, alternatively, with the complement cascade.
In this context, the emphasis of research has been on the production of genetically
engineered pigs expressing inhibitors of the human complement cascade such as
human decay accelerating factor (hDAF; CD55) [9–12], membrane cofactor protein
(MCP; CD46 [13]) or CD59 [14]. The validity of this approach has now been convincingly demonstrated by several groups [12, 15, 16] who have shown that similarly
engineered pigs do not undergo HAR once transplanted into primates. However, it has
recently been recognised that CD55 can down-regulate T cell responses [17] and that
some human complement regulators act as cell surface receptors for viruses [18, 19].
In addition, xenografts which survive HAR almost inevitably fail eventually as a
consequence of AHXR. Several elements have been implicated in the pathogenesis
of AHXR and its pathology is primarily characterised by vascular thrombosis, blood
extravasation and oedema [5]. Deposits of fibrin, immunoglobulins and complement in the graft do not differ substantially from those observed in HAR. Cellular
infiltrates include neutrophils, macrophages, CD8+ T cells and few NK cells [5].
AHXR is also associated with the apoptosis and necrosis of endothelial cells, contributing to platelet aggregation and thrombosis in the graft. Taken together, the
existing data support the current view that elicited xenoreactive antibodies (specific
for αGal but also non-αGal epitopes [20, 21]) bind to porcine endothelial cells,
leading to type II activation and the up-regulation of genes promoting inflammation
and thrombosis, overwhelming the effects of potentially protective molecules and
ultimately resulting in pro-inflammatory and procoagulant changes [22, 23]. In
addition, the role of secondary ischaemia reperfusion injury (IRI) in the pathogenesis of AHXR has yet to be defined. Indeed, early apoptotic events, such as those
observed following IRI, can result in changes in the endothelium resulting in the
development of a procoagulant and proadhesive phenotype [24, 25].
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In the light of these observations, interventions aimed at preventing the onset of
AHXR have essentially followed three approaches. First, attempts have been made
to modify the antigenic profile of pig organs in order to reduce their antigenicity. In
this context, pigs lacking the galactosyltransferase gene, and hence αGal epitopes
(αGalT–/–), have recently been produced [26]. Despite the fact that to date, only a
very limited number of laboratories have had access to such pigs, they are already
proving to be an important step forward to the field. Indeed, hearts and kidneys
from αGalT–/– pigs transplanted into nonhuman primates did not undergo HAR
[27, 28], and allowed xenograft survival for up to 179 and 83 days, respectively.
Second, strategies have been developed to abolish or mitigate the role of the antixenograft humoral immune response (either directly or through the cocontrol of
recipient T cells). In this regard, two different immunosuppressive approaches have
been applied that have resulted in substantially distinct outcomes, despite the use of
organs from αGalT–/– pigs in both these series. In the first study, a recently developed immunosuppressive strategy, that includes the use of a human anti-CD154
monoclonal antibody, was applied in a pig-to-baboon xenotransplantation model
[27]. Xenograft survival was considerably extended using such engineered pigs.
However, notwithstanding the absence of αGal epitopes, AHXR was observed in
the majority of cases and associated with antibody deposition and consistent thrombotic microangiopathy, suggesting that nonαGal antibodies play a role in its onset.
In contrast, AHXR was not observed in a second study where αGalT–/– renal
xenografts were transplanted into baboons exposed to a novel protocol designed to
achieve tolerance in the primate [28]. Indeed, Yamada et al. could demonstrate that
cografting thymic tissue enables normal graft function in the absence of rejection
for up to 83 days. Remarkably, these investigators could also show pig-specific
unresponsiveness via mixed lymphocyte reactions in two long-term surviving recipients, and the absence of a pig-specific cytotoxic T lymphocyte response in one
case. In addition, mild thrombotic complications were reported in this study. These
results are undoubtedly notable. They underscore the tremendous progress achieved
in the last decade by the development of protocols aimed at achieving tolerance in
the primate and unquestionably demonstrate that, with adequate control of the
immune response and specifically targeted pig engineering, long-term survival of a
pig organ in the primate is an attainable goal.
Finally, in addition to altering the immunogenic profile of the porcine organ or
improving the immunosuppressive strategy, based on the histopathological findings
of rejected αGalT–/– organs in primates, some have proposed to tackle AHXR by
interfering with the activation of the coagulation cascade accompanying this rejection process that might, at least in part, be the result of the reported physiological
incompatibilities between pig and primate [29]. These aspects will be discussed
later on in this article.
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Whilst the humoral component of the immune response currently represents the
most important hurdle to the long-term survival and function of vascularised grafts,
the risk of graft damage by cellular mechanisms should not be ignored [30]. Indeed,
the strength of the immunosuppressive regimen used (which, in some cases, cannot
be applied in the clinic) might result in the underestimation of the importance of T
cells. Solid organ xenografts explanted from immunosuppressed primates have been
shown, in some studies, to contain a multifocal lymphocytic infiltrate composed of
T and B cells, macrophages and some NK cells in association with the presence of
direct tissue damage. This histological picture is defined as ACXR [5]. ACXR is
neither associated with vascular thrombosis or interstitial haemorrhage, nor with
significant deposits of fibrin, immunoglobulin or complement components. Notwithstanding strong in vitro demonstrations of cellular xenograft responses
(reviewed by Buhler and Cooper [31]), and in contrast to in vivo results in the hamster-to-rat model [32], it is important to underline that ACXR per se does not lead to
graft failure following pig-to-primate solid organ xenotransplantation. At this stage,
therefore, from the studies conducted in pig-to-nonhuman primate models, it would
seem that at least early graft damage directly mediated by immune cells can be prevented by the immunosuppressive regimens currently available [31].
PHYSIOLOGICAL ASPECTS
Although several physiological incompatibilities have been reported between pigs and
primates, to date these incompatibilities, that include molecular differences between the
complement [33] and coagulation systems [29], do not appear to represent an insurmountable obstacle to the long-term survival of porcine renal or cardiac xenografts.
As far as coagulation is concerned, it is of note that porcine von Willebrand Factor
(vWF) interacts with human platelet receptors with high affinity, possibly resulting in
elevated procoagulant activity. In this context, the use of pig organs deficient for vWF
did not result in major advancements although it is now recognised that these preliminary studies were performed using an immunosuppressive strategy with little effect
on AHXR [34]. Porcine tissue factor pathway inhibitor (TFPI) is not able to neutralise
human factor Xa, and is therefore unable to inhibit the direct activation of human prothrombin to thrombin. In addition, although porcine thrombomodulin has been shown
to bind human thrombin and protein C, the human thrombin–porcine thrombomodulin complex is a poor activator of protein C. The insufficient production of activated
protein C contributes to enhanced levels of thrombin favouring the initiation of clotting. Approaches such as the use of platelet fibrinogen receptor antagonist (GPIIbIIIa), P-selectin inhibitor and soluble ATP diphosphohydrolase (ATPDase/CD39, the
major vascular nucleoside triphosphate diphosphohydrolase, whose activity generates
the antithrombotic and anti-inflammatory mediator adenosine) might provide some
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benefit in prolonging the survival of xenografted organs in primates but have yet to be
tested (as reviewed by Robson et al. [29]).
Furthermore, transgenic modulation of the clotting cascade by de novo expression
of anticoagulants (either directly or indirectly) or elimination of procoagulant molecules on xenogenic vascular endothelium can represent an additional potential therapeutic strategy. Encouraging results, although only obtained in vitro [35, 36] and in
small animal models [37–41], have provided a basis for the future genetic manipulation of porcine organs, able to overcome thrombotic events that compromise
xenograft survival.
Together, the existing data indicate that, notwithstanding the physiological differences reported, porcine heart and kidney are able to work in primates and sustain
their life for up to several months [27, 28, 42]. The organs support normal levels of
activity, with the recipients exhibiting normal social behaviour. In the case of renal
xenotransplantation this was true notwithstanding the existence of data indicating
that pig kidneys present a physiologically relevant proteinuria (2–3 g/day), a low
urine concentration capacity and a low sensitivity to human antidiuretic hormones.
These observations also suggest that an adequate control of the immune response
such as that achieved by Lin et al. [43] could mitigate the functional significance of
some of the physiological differences reported, further extending the survival of
transplanted pig organs in the primate. Nonetheless, the observation of proteinuria
and hypoalbuminaemia in the nephrotic range in primates with stable graft function
underscores the need to fully assess the effects of the reported physiological differences in long-term surviving renal xenograft recipients.
SAFETY ASPECTS
Xenotransplantation will never enter the clinical arena unless a high safety profile
can be convincingly demonstrated. To this end, research has been undertaken by
many groups in this area in the last few years allowing considerable progress to be
achieved (reviewed by Fishman and Patience [44]). Indeed, using specific pathogenfree colonies and specialised animal husbandry, it is now possible to exclude the
vast majority of known bacterial, viral and parasitic pathogens from pig herds. In
addition, retrospective studies in humans exposed to live porcine cells and tissues
have not shown transmission through these procedures of any potential infectious
agents to man [44].
Much insight has also been gained into the biology of the porcine endogenous retroviruses (PERV), possibly making them a lesser concern today than in the past. In
particular, three classes of infectious PERV have been identified (PERVA, -B and
-C) [45]. PERV have been isolated from both porcine cell lines and primary cells
although viral particles derived from primary pig cells are generally present in low
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titres and show limited replication competence, a favourable aspect with respect to
the xenotransplantation of pig organs. Whilst PERV-A and PERV-B can infect
human cells in vitro, the PERVC subgroup lacks this capacity [45]. However, it has
recently been observed that in vivo recombination between PERV-A and PERV-C
is possible and can produce a human-tropic recombinant virus [46, 47]. Nevertheless, recombinant PERV-A/C proviruses have not been identified in the germ line
DNA of pigs capable of transmitting PERV [48]. Most importantly, no evidence of
human infection with any PERV, even with the recombinant PERV-A/C virus, has
been reported.
In addition, it is noteworthy that PERV and other viruses have now been demonstrated to be susceptible to some of the currently available antiviral agents [49] and
pig lines have recently been identified which are incapable of transmitting PERV to
human cells in vitro [46, 50]. Furthermore, epitope mapping has identified specific
sequences that are identical in all PERV and antibodies raised against these sequences
are able to neutralise PERV in vitro, indicating that such epitopes could potentially
form the basis for the generation of a vaccine [51]. Finally, application of gene knockout technology can provide an additional strategy to remove the viral risk [51].
As far as exogenous viruses are concerned, the activation of porcine cytomegalovirus (PCMV) has been documented in pig-to-primate xenografts, causing clinical
disease in the xenotransplanted organ and the detection of viral DNA in primate tissues. However, it does not appear to cause invasive disease in transplanted primates
[52]. Moreover, it has been demonstrated that PCMV can be effectively excluded
from source pigs by early weaning [53]. Of the three porcine lymphotropic viruses
(PLHV) identified (PLHV-1, -2 and -3), only PLHV-1 is associated with a lymphoproliferative syndrome similar to post-transplantation lymphoproliferative disease
following allogeneic bone marrow transplantation in swine, but such a disorder has
not been observed in pig-to-primate xenotransplantation [52].
Moreover, the development of microarray-based technology capable of rapidly
identifying known and as yet unidentified potential infectious agents [54] might
allow their timely identification and control in the xenotransplantation setting.
In conclusion, the described genetic procedures, in combination with controlled
breeding conditions and lifelong source animal monitoring will ultimately result in
the availability of source animals with a high safety profile and minimised risk of
zoonoses.
THE WAY AHEAD
In the light of the latest data reviewed and discussed in this article, it is clear that,
thanks to the advent of genetic engineering and the refinement of the immunosuppressive strategies, xenotransplantation using the pig as a source of organs has come
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a long way since the early reports by Calne et al. [55] and Cooper et al. [56].
Considerable advances have included the prolonged survival of xenografted nonhuman primates and demonstration that pig organs can meet the physiological requirements and sustain the life on nonhuman primates for several months [27, 28, 42]. In
addition, reassuring safety data have also been generated recently.
Nonetheless, whilst advances in this field are undeniable, it is the authors’ view
that considering the existing preclinical data, we are not yet able to bridge the gap
deemed indispensable for the initiation of clinical trials in the presence of a convincingly favourable risk–benefit ratio [57]. Efficacy remains one of the cornerstone
elements in the decision-making process and, to the best of our knowledge, the current data do not yet indicate that xenotransplantation has, at this moment of time,
more to offer than available renal or cardiac artificial organs. As a consequence, in
view of the possible safety uncertainties still surrounding xenotransplantation, it is
probably too early to proceed with clinical trials. In this light, the development of
internationally accepted guidelines that would considerably enhance the safety profile of xenotransplantation is still eagerly awaited. In this respect, the recent resolution adopted by the World Health Organization [58] which includes, as a key objective, promotion of cooperation and harmonization of global practices related to
xenotransplantation procedures unquestionably represents a substantial step forward
for a safe application of clinical xenotransplantation.
In all cases, the position paper of the Ethics Committee of the International
Xenotransplantation Association [59] remains the cornerstone document governing
the conduct necessary for clinical trials and convincing efficacy data in nonhuman
primate preclinical models continue to be an indispensable requirement for progression to the clinic. Ultimately, it is the authors’ opinion, and that of many, that only
timely, well-planned, scientifically rigorous and ethically acceptable clinical studies
will provide the confidence that will be needed by society at large to allow this
emerging field to meet its clinical potential.
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In the history of transplantation, the end of the XXth century and the beginning of the
XXIst will stand out as the era of composite tissue grafts. This new era was launched
by the first hand graft: hand [1], face [2], but also knee joint [3], larynx [4], abdominal wall [5] and even penis [6]… all non-vital part of the body that are very difficult,
if not impossible, to reconstruct using conventional surgical techniques. Still experimental in humans, these grafts present three challenges that need to be met:
– technical and functional;
– immunological;
– psychological.
TECHNICAL AND FUNCTIONAL ASPECTS
Technical and functional aspects appear more complex for face grafts than for hand
grafts, which have benefited from a long experience of reimplantation following traumatic amputation. The different techniques of the procedure are summarised in several
articles [1, 2]. The principle, in the donor as in the recipient, is to isolate and clearly
individualise the main vascular, nervous, muscle or tendon structures in the grafts and
in the stumps or the reimplantation site of the face (figures 1 and 2). With sophisticated rehabilitation, the functional results are very satisfactory [7]; nerve regeneration,
which progresses by about 2 mm daily, restores sensory and motor function. For hand
grafts, sensitivity to light pressure (Semmes-Weinstein test) and to heat and cold
reaches the extremity of the fingers between 6 and 8 months after the procedure,
depending on the level of amputation. Motor function in the intrinsic muscles is manifested after 12 months. Following the face graft, sensitivity to light pressure and to
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heat and cold reappeared within 6 months. Complete closure of the lips became possible 8 months after transplantation, which considerably improved phonation.

Figure 1. First hand graft: diagram of the graft before reimplantation.

Figure 2. First face graft: diagram of the graft before reimplantation.
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These very satisfactory results involve the complex mechanisms illustrated in
the brain by functional MRI: within a few months, the image of the hand or face
returns to its natural place in the sensory and motor cortex from which it had disappeared after the accident [8]. This results in an improvement in everyday quality of life. Hand transplant recipients rediscover the main gestures that enable
them to lead a normal life: washing, eating, driving, working, etc. The face transplant recipient was able to feed herself from day 8 onwards (she was fed by gastric tube); she rediscovered a normal voice and very satisfactory expressiveness
from the 8th month onwards. One year after the transplantation, she was able to
resume work.
IMMUNOLOGICAL ASPECTS
The immunological mechanisms which result in the acute rejection of composite
tissue grafts are similar to those observed in solid organ grafts. However, composite tissues, and hands in particular, have two characteristics that distinguish them
from transplanted organs. Firstly, they contain tissues of varying immunogenicity
(figure 3), each of which is capable of interacting with the recipient’s immune system [9]. The skin, a particularly immunogenic structure, can trigger a marked
immune response, to the extent that composite tissues containing skin were for a
long time considered impossible to transplant before the era of modern immunosuppression [10]. Secondly, they contain lymphoid tissues – bone marrow and
lymph nodes – which theoretically have the potential to induce graft versus host
disease and which might thus negatively modulate the immune response and
induce tolerance. It should, however, be noted that the occurrence of graft versus
host disease has yet to be described in hand grafts. In addition, although the creation of microchimerism by the transplantation of haematopoietic stem cells is one
of the safest means of inducing allogeneic tolerance in humans, the existence of
such chimerism has not yet been demonstrated in hand grafts. Very recent data
obtained in the double-hand transplant patient in Lyon show the existence of
CD4+/FoxP3+ regulatory cells in the grafted skin [11]. These regulatory cells
might explain the absence of chronic rejection more than 7 years after transplantation. The immunological mechanisms that allow these regulatory cells to develop
and persist are not yet well known.
Animal experiments and the first transplantations in humans showed that,
despite the substantial immunogenicity of the skin, composite tissue transplantation is possible using conventional immunosuppression with a follow-up of
about 8 years for the first double-hand transplant patient. The majority of
teams use conventional triple immunosuppression involving a calcineurin
inhibitor, mycophenolate mofetil, corticosteroids and induction treatment
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based on antilymphocyte antibodies or monoclonal antibodies directed against
interleukin 2 receptors. Curative treatment of acute rejection involves local
immunosuppressants – corticosteroids and tacrolimus – and high-dose systemic corticosteroids. Corticosteroid-resistant rejections can be treated by antilymphocyte polyclonal antibodies or monoclonal antibodies, OKT3 or Campath-1H. Early treatment of acute rejection and its reversibility are important to
ensure optimum functioning of the graft. As with any organ transplantation,
immunosuppression must be given permanently and exposes the recipient to
risks of non-specific immunosuppression: infections, cancers, metabolic side
effects, renal failure and other side effects specific to immunosuppressants.
Monitoring of these patients and prevention of the side effects of immunosuppressants must therefore follow the same rules as those governing the followup of organ transplant patients.

COMPOSITE TISSUE GRAFT
(Face and hands)
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Figure 3. Immunogenicity and profile of tissue rejection in composite tissue grafts. (After Murray,
1971.)
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PSYCHOLOGICAL ASPECTS
Hand grafts
Psychological aspects have principally been studied in hand grafts [12, 13]. When a
graft is considered, the period of mourning gives way to a period of hope. Patients
can now forget the past and start to look to the future, to want instead of being
depressed, and expect a major change in their life. It is very important at this point
that they should be monitored by a psychiatrist who is accustomed to transplantation. Before the graft, there were two reasons that pushed our first patient to want a
transplant. First of all he needed both hands to carry out certain tasks, such as piloting an aeroplane or, obviously, playing the piano. The second, less important reason
(according to him) was that he had difficulty in coping with other people looking at
him and this upset him. He could not accept being viewed as an invalid.
Before the graft, it is not sufficient simply to assess the patient. He must be examined carefully, “scrutinised”, as there is an inevitable gap between the imaginary
and the real. Physicians must inform patients and psychiatrists must ensure that the
latter have properly understood the information. Furthermore, the psychiatrists must
also describe in detail to patients the trials that await them in order to combat any
idealisation, which is always disappointing and deceptive. This will help them considerably. After the graft, when the patient regains consciousness, the vision that he
has is that of an enormous dressing at the end of his wrist(s) or forearm(s). He is in
the same situation as he was after his amputation – with one major difference: he
has hands! But unfortunately he cannot use them.
What follows is the history of recovery. Several points need to be considered.
– Anxiety. This is often manifested in the form of a feeling of depersonalisation. It
is related to the foreign nature of the grafted hand, its corpse-like appearance and
also the vision of the very apparent limit that separates the donor’s arm from the
recipient’s hand, symbolic of the disturbing coexistence of the dead and the living,
the familiar and the worrying. A bout of anxiety often occurs on the first change of
dressing but is not expressed as there are no words to describe this vision. The
patient sees that he/she is mortal.
– Regression. This is necessary and desirable in the immediate aftermath of the
graft as the patient is then totally dependent. It should not last too long and prevent
the mind from becoming active again.
– Depression. The risk of depression depends on the previous personality of the patient
and also on the difference between what they imagined and the reality of their impotence.
– Confusion. The postoperative shock, cortisone, a serum reaction or a graft versus
host reaction may cause a state of delusional confusion to a greater or lesser extent.
For example, one patient saw hands on the wall that were making signs at him. This
was an external projection of what was frightening him internally: the grafted hands.
286

Transplantation.book Page 287 Lundi, 5. novembre 2007 6:08 06

Composite tissue grafts

– Revival of the initial trauma, the cause of the loss of the hands and the surgery that
followed. The patient may start to relive his initial accident, see his hands exploding or
being shredded with blood everywhere, have nightmares or obsessive thoughts. Generally this does not last. The patient gradually has to reconstruct his image.
– Appropriation. Once the physical graft has been performed, the psychological graft
is only just beginning. This is the period of appropriation. Patients’ psychological
reactions and fantasies are related to the visible aspect and the non-functionality of the
grafted hand. However, the patient fairly rapidly rediscovers what he had lost: enthusiasm and desire. “Dream has become reality”, one of them declared. A new period
begins. This time of appropriation must be assisted and encouraged by the psychiatrist
as it is essential, but it is also threatened by the dual phenomenon of denial and splitting. Denial involves the patient saying – or rather thinking – two contradictory statements at the same time: “I know that the hands come from a corpse” and “I do not
want to know anything about it”. The mind therefore splits in two, which is the best
means of eliminating the contradiction. It is a well-known psychological means of
defence. It is very effective but cannot last very long as reality always has the last word
(except in certain psychological organisations). It is used when something is unbearable. It is not always possible to resort to it, particularly when faced with excessively
strong emotions and tensions. In these cases, the patient regresses to other means of
defence, for example dreams and reverie, if possible. Otherwise the psyche is invaded
by anxiety or even distress, or the patient resorts to magical thinking.
However, in the medium term, the grafted hand or hands offer much to the patient,
both functionally and in terms of body image. One of the first patients expressed it
in these terms: “This graft isn’t just life-saving. It’s much more. It’s life-giving.”
Face graft
Our experience of the first face graft is limited to a 18-month follow-up. We were
surprised by the ease with which the patient integrated and appropriated the grafted
face. It is true that over the course of long discussions some months before the operation psychiatrists had stressed these ideas of integration and appropriation. Integration was perhaps a false problem because anything is better than no face at all, so
that the anticipated problems did not actually materialise: from the time of the
immediate postoperative period the patient had a face rather than a hole. While it is
the case for the hands that the challenge is principally functional, for the face it is
primarily aesthetic in the mind of the amputee. In fact, the functional aspect also
obviously exists but, mistakenly, appears subordinate. The fantasy propounded in the
media of living with “someone else’s face” did not occur in the predicted traumatic
way. Psychiatrists had insisted on two points: the grafted faced should be modelled
on the personal osteomuscular structure of the recipient, and the result should not
resemble either the donor’s face or the patient’s former face.
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Finally, they talked in detail of the necessary mental appropriation that we had
observed in the case of hand grafts, a procedure that allows a patient to make the
grafted hand his hand, involving the workings of the psyche, with which we can
help. Overall, and in the current state of our experience, face grafts appear easier.
In conclusion, composite tissue grafts are a major source of hope to patients who
have been the victim of accidents resulting in the loss of non-vital parts of their
anatomy. The functional and aesthetic results enable them to return to a normal
social life. The grafts still remain experimental, requiring the multidisciplinary
teams involved to work in a network and to share their data in order to achieve more
rapid progress together. This is the role that has been assigned to the IHCTAS (International Hand and Composite Tissue Allografts Society) and the registry that it has
established (www.handregistry.com).
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In the field of organ grafts, the prospects for progress are heavily conditioned by the
shortage of grafts (table 1), both quantitatively (ratio of supply to demand) and qualitatively (rare blood groups and HLA, etc.). An estimate of the potential number of braindead donors in France is needed for public health decision-makers. In order to implement strategies, they need to compare this estimate with the number of donors actually
identified and from whom organs have been recovered and the demand in terms of registrations on the waiting list. However, it is difficult to assess the supply and demand for
transplants as there is no exhaustive register of brain-dead individuals and those with
terminal organ failure. The gradual implementation of the Rein (Réseau épidémiologie
et information en néphrologie; Epidemiology and Information Network in Nephrology)
on end-stage chronic renal failure (ESCRF) should allow a better assessment of the
demand for renal transplants [1]. In France, the potential number of donors is estimated
as between 3300 and 3819 (53–61 per million population, pmp) depending on whether
or not allowance is made for contra-indications, but not all are reported to hospital
organ procurement coordination units. This number has been calculated using the
results of international and French studies based on an exhaustive survey of donors at
the national or supraregional level [2–8]. In 2005, 5655 patients were still awaiting a
kidney transplant at the beginning of the year and 3158 were registered during the year,
i.e. 8813 patients theoretically to be transplanted in the year 2005 [9] (table 1). Even
assuming that both kidneys were removed (i.e. 6600–7638), the number of patients is
greater than the estimated number of potential grafts. As the demand for kidney grafts
is greater than the number of potential brain-dead donors in France, the number of
potential brain-dead donors needs to be optimised, but other types of donor should also
be used, particularly as there is an adverse development in the epidemiological context
of the causes of death associated with brain death in France. The Biomedicine Agency
is as a result obliged to manage rare resources. Transplantation is an expensive but costeffective procedure, particularly for kidney transplants. The approach adopted is more
that of a risk/benefit ratio than of zero risk as the prognosis for survival in patients is
usually compromised in the shorter or longer term and donor characteristics are changing in the direction of the management of more fragile grafts.
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Table 1. Change over time in the numbers of patients registered each year, still waiting at the
beginning of each year, patients registered in the year per graft available, and transplants.
1999

2000

2001

2002

2003

2004

2005

2006

Heart
New registrations

511

477

464

472

392

429

440

Patients still registered at 01/01 269

336

334

340

355

306

277

Total patients

780

813

798

812

747

735

717

Total patients per graft

2.4

2.5

2.5

2.5

2.6

2.3

2.1

Transplants

321

328

316

319

283

317

339

54

34

64

36

27

29

33

Patients still registered at 01/01 69

65

58

70

61

55

38

Total patients

123

99

122

106

88

84

71

Transplants

28

25

26

20

16

22

21

133

121

137

168

152

176

174

Patients still registered at 01/01 109

117

117

125

154

174

144

Total patients

242

238

254

293

306

350

318

Transplants

71 (1)

70 (1)

91 (2)

89 (1)

76

145 (1)

184

261

Heart and lungs
New registrations

28

Lungs
New registrations

91

Liver
New registrations

933

Patients still registered at 01/01 261

1028

1050

1052

1093

1160

1229

346

403

451

423

448

473

Total patients

1194

1374

1453

1503

1516

1608

1702

Total patients per graft

1.7

1.7

1.8

1.7

1.8

1.7

1.6

Transplants

699 (23) 806 (52) 803 (48) 882 (45) 833 (42) 931 (48) 1033 (49)

483

Kidney
New registrations

2517

2334

2540

2663

2600

3032

3147

Patients still registered at 01/01 4502

4856

4911

5132

5212

5368

5647

Total patients

7019

7190

7451

7795

7812

8400

8794

Total patients per graft

3.8

3.7

3.7

3.5

3.7

3.5

3.4

Transplants

1842 (77) 1924 (84) 2022 (101) 2253 (108) 2127 (136) 2421 (162) 2574 (196)

5917

Pancreas
New registrations

111

102

80

88

105

111

133

Patients still registered at 01/01 132

175

194

190

190

201

177

Total patients

243

277

274

278

295

312

310

Transplants

49

54

60

59

70

101

92

( ) of which domino living donors.
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SUPPLY AND DEMAND FOR GRAFTS
Supply
From 1995 to 2005, donor activity increased markedly in France, rising from 889 to
1365. By contrast, the standardised mortality rate due to cerebrovascular accident
(CVA) has dropped markedly to become one of the lowest in Europe, falling from
155 per 100,000 population in 1979–1981 to 56.6 in 2000–2002, and in the case of
under 65-year-olds from 14.9 to 6 per 100,000 population. In 2002, 8013 people
aged under 75 years old died from CVA. The number of deaths from traffic accidents also fell, from 7242 in 2002 to 4990 in 2005 [10, 11]. The number of potential
donors registered and notified to the regulatory and support services of the Biomedicine Agency, however, has increased from 1562 in 1994 (25.2 pmp) to 2803 in 2005
(45.2 pmp). That of donors from whom organs were recovered increased from 881
(14.2 pmp) to 1361 (22.1 pmp) in the same period, but there is regional heterogeneity [9, 12] (figure 1). Efficiency remained constant over this period as only 50% of
potential donors had at least one organ recovered. This may be related to the large
proportion of non-recoveries due to refusal, which has fluctuated for years at about
30% of registered donors. The remaining 20% is related to contra-indications and
medical obstacles, which remained relatively stable. The progression in the number
of donors from whom an organ has been recovered is due to an increase in the proportion of donors aged 61 years and over, which has risen from 6.7% of donors registered in 1996 to 29% in 2005. It should be stressed that this increase is not at the
expense of donors aged 16 to 45 years, numbers of which have remained relatively
stable in absolute terms at about 950. The change in donors’ age, however, remains
heterogeneous in France, with a higher proportion of donors aged over 60 years in
the eastern and western regions and a much lower proportion in the southern regions
where there is a large shortage of grafts [12]. The increase in donors’ age may be
explained by the change in the criteria for acceptance of recovered grafts; by more
active identification outside hospital departments, with greater involvement of emergency departments and the mobile emergency medical services (Samu), and resuscitation with a view to the possible recovery of an organ; or by turning more towards
causes of death other than those conventionally associated with brain death.
Demand
Demographic and epidemiological changes are likely to cause an increase in the
demand for grafts. This is particularly the case for renal grafts with an increase in
the incidence and prevalence of end-stage chronic renal failure (ESCRF) related,
among other things, to the ageing of the population. A national survey in 2003
counted 30,882 patients on dialysis, a crude prevalence of 513.1 pmp. The addition
of an estimated 21,233 patients with a functioning graft at 31 December 2002
increases the prevalence of ESCRF in France to 865.9 pmp [13]. An increase in the
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Rate of identified donors 44.9 pmh
47.7
30.9
48.6

41.7
59.8

43.9

51.0

42.9
53.0

58.4

52.8

45.2

63.5

64.1

42.6
40.7

39.9

41.7

36.3
30.9

83.5

35.3

45.8

26.2

Rate of recovered donors 22.1 pmh
21.7
16.6
24.3

23.8
23.6

20.4

20.2

25.1
28.0

29.4

30.4

22.3

30.1

29.4

31.2
23

10.7

20.8

17
20

23.1

19.6

19.1
7.5

< 10 %

National ± 10 %

> 10 %

Figure 1. Rate of identified donors and recovered donors in 2005 by region per million population.
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demand for kidney grafts may be expected in view of the large number of hepatitis
C virus (HCV) infections prior to the institution of screening and their progression
towards chronic hepatitis and cirrhosis. They number of subjects seropositive for
HCV was estimated as between 500,000 and 650,000 in 1994–1995 [14]. In the case
of lungs, an increase in demand may be expected for cystic fibrosis where treatment
has improved survival and delayed the indication for a graft.
Apart from the progressive implementation of the Rein network, the only data
available are those relating to registrations on the national transplant waiting list,
which allow an approximation of the demand for grafts and a calculation of the
shortfall. The latter is calculated by adding the number of transplant candidates still
registered at the beginning of the year to the number of new registrations in the
same year and dividing the total by the number of grafts recovered and transplanted
during the year. For 2005, a shortage for kidney transplants was observed of
3.4 candidates per graft, for the liver of 1.65 and for the heart of 2.1. This obviously
has consequences for the waiting time before transplantation and the number of
deaths on the waiting list. It should be emphasised that there are regional discrepancies in terms of shortage which may be related to a low recovery level, as in the
regions of the deep south and north, with the corollary of high median waiting
times, particularly for kidney and heart transplants [9]. The flow of patients towards
poles of attraction may exacerbate the level of shortage in the region (incoming
flow) or mask it (outgoing flow). There is then a risk of falsely believing that the
recovery level is appropriate to the activity in the region without trying to increase it
for the purpose of exchanges.
STRATEGIES ADOPTED TO LIMIT THE SHORTAGE
Optimisation of the potential number of brain-dead organ donors
Increasing the involvement of healthcare institutions and the establishment
of networks
The operational organisation of organ recovery from brain-dead people is based on
institutions that have requested an organ procurement authorisation: 162 were
authorised in 2004, equivalent to 2.6 pmp as against 3.6 pmp in Spain. This comparison obviously depends on the level of activity of the authorised institutions but suggests a larger network in Spain where there is a higher level of donors from whom
organs are recovered (34.6 pmp). In 2004, 12 départements (departments) did not
have an authorised hospital and 14 others had no recovery activity despite the presence of authorised institutions [9]. The application for an authorisation is dependent
on the willingness of the protagonists in the institution. It is clear that this procedure
depends on the level of activity of the hospital, but there is nothing to prevent a hospital that has not applied for a procurement authorisation to operate in conjunction
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with an authorised hospital that possesses a hospital organ procurement coordination unit towards which potential donors may be transferred. The transplant plan
2000–2003 set itself the objective of increasing the procurement level from 15 to
20 pmp. The appointment of 140 full-time equivalent medics or paramedics within
the procurement coordination units has enabled this objective to be achieved and
exceeded (22 pmp in 2005). Programmes for training these staffs, some of whom
have only been engaged recently, still need to be carried out. Implementation of a
quality procedure and an audit system also remains to be developed to a large
extent. Since the bioethics law of 6 August 2004, procurement has been defined as a
medical activity and procurement and transplantation constitute a national priority.
In addition, this activity should benefit from the application of a tariff scale.
Promoting and increasing registration
A French regional study showed that the potential number of brain-dead donors
among deaths in intensive care units was between 7 and 13%, depending on the type
of hospital (neurosurgery, technical platforms, etc.) and the patients’ characteristics
[2]. These figures are similar to those in Spain [3]. There is an under-reporting of
potential donors by hospital departments to the regulatory and support services of
the French Transplant Establishment. It is obviously essential that staff in hospital
coordination units have the necessary resources and means for this cross-disciplinary activity which involves a high degree of mobilisation of different specialties. In
order to optimise the potential, it is strongly recommended that hospital coordination units undertake an active and prospective census of potential donors in association with intensive care units and emergency departments, but also upstream with
mobile emergency services.
Reducing donation refusal levels
This level remains high in France (35% of donors registered), but it varies markedly
from one centre to another. Rather than a cultural phenomenon, this should certainly
be seen as the reflection of the quantity and quality of resources allocated. Specific
training programmes are in progress for staff appointed to the 120 hospital coordination posts created between 2000 and 2003. In addition, communication programmes directed at the general public are run by the Agency and should be geared
to more specific groups in view of the multiplicity of origins and religions of the
metropolitan and overseas French population. Some of these communities moreover
have a higher demand for kidney transplants [15, 16].
Limiting the risk factors for graft losses
The main prognostic factor over which it is possible to exert an influence, as opposed
to the intrinsic factors associated with donors or grafts, remains the duration of cold
ischaemia. This factor is all the more important if the grafts are fragile. A reduction in
the duration of ischaemia is only possible if the transplant, particularly of the kidney,
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is viewed and organised as an emergency, with a technical and medical platform
available in terms of resources and facilities.
Encouraging multiple recovery and sharing of organs
In view of the shortage of grafts, liver transplant surgeons undertake “splits” or divisions of the liver. The proportion of such split-liver transplants, however, remains
unchanged as this procedure requires particular expertise. In 2003, 72 livers taken
from a deceased donor were split, as against 60 in 2005. In 2004, specific programmes to increase the offer of lung grafts and their recovery enabled the number
of grafts to be increased from 76 in 2003 to 184 in 2005.
Reducing the level of graft rejection by teams
This level varies substantially with the team, which may be obliged to refuse a graft
for logistical reasons despite having a recipient available. Analysis of the facilities
and organisation of the teams is currently ongoing to improve the efficacy of recoveries and follow-up of graft recipients, but also to ensure transplantation in the
shortest possible time.
Restricting infectious contra-indications to recovery and transplant
Apart from the laws covering the recovery and transplantation of organs, health
safety rules relating to the selection of donors enable the risks of transmissible disease in the recipient to be reduced. Currently, selection is based on the donors’ medical history and screening for certain infections (human immunodeficiency virus,
hepatitis B and C, HTLV-I and II) where a risk of transmission prohibits transplantation. This regulation already introduced the concept of a risk/benefit ratio specific to
organ transplantation by authorising exemptions from the rules governing donor
selection for hepatitis B and syphilis (heart, lung, liver) in the event of a threat to life
and subject to information of the recipient. Against a background of international
consensus, it has been established that, while it is not in any way justified to incur a
risk of transmission of an infectious disease in a patient whose life is not jeopardised, organs recovered from a donor with a risk of transmission may be offered to a
patient in a life-threatening situation. Further exemptions currently under study
should allow organs to be transplanted from donors carrying hepatitis B and hepatitis C markers to recipients depending on their serological and virological profile. It
should therefore be possible to transplant an organ from an HCV-positive donor to
an HCV-positive and viraemic recipient. The duly informed patient eligible for this
type of exempt transplant may accept the risk of an infection and then give his consent to enter into an exemption protocol of this kind with appropriate management.
These exemptions, authorised for a period of 5 years, are the subject of follow-up of
the recipient by the transplant team and an evaluation by the Biomedicine Agency.
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Other types of donors
Encouraging live donations
The proportion of kidney transplants from live donors remains very low in France
(4.8% of kidney transplants in 2002 and 7.7% in 2005). This proportion is 20 to
40% in Northern European countries and close to 50% in the United States [17].
The revision of the law on bioethics in 2004 includes an extension of the possibilities of live donations. The increase observed in 2005 related in particular to partners,
but also to parents and relatives. The proportion of non-relatives for this type of
graft remains stable (21.9% in 2005). The proportion of live donors for liver transplants remains low (4.7% in 2005), which is understandable in view of the technical
demands and higher risks incurred by the donor.
Instituting procurement from cardiac arrest donors
Kidney transplants from these donors have an equivalent survival time to transplants
taken from beating heart donors when a specific protocol is used to limit the ischaemia of the organs as much as possible. This activity has been developed in the Netherlands, Great Britain and Spain. An update of the French regulations has just made
this activity possible in France, which should begin in the form of experiments at
pilot sites.
Impact of transplants from live donors and cardiac arrest donors on the shortage abroad
In respect of these two types of donor, France may be compared with other European countries with more than 10 millions inhabitants and with the United States
(figure 2) [17]. The high proportion of live donors in Northern European countries
and the United States is apparent, but also in Greece and Romania where transplants from brain-dead donors are not very extensive. Using available European
data it is possible to calculate the extent of the shortage of kidney grafts from
brain-dead donors for each country (number of patients still registered as waiting
at the beginning of the year and registered during the year, divided by the number
of grafts from brain-dead donors) and to assess the effect of other types of donors
(number of registrations divided by all transplants, irrespective of type of donor).
It can be seen that the use of these two types of donors is associated with an
almost 50% reduction in shortage in the United States and Greece, a considerable
reduction in Great Britain, while the Netherlands have almost no shortage at all
(figure 3). For France, the impact is very slight in view of the lack of activity other
than with brain-dead donors.
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This year, for this talk, I have opted to express myself in the first person because
organ donation affects everyone individually, but I hope that these rapid reflections
can be shared by each of us.
MY BODY
I say the words: my body. I do not say them in the same way that I would say them
of an object. There is no distance between my body and me. We are so intimately a
part of one another that without my body there is no me. I also say: my husband (or
my wife, if it is a man who is speaking), my children, my friends, my home, etc. Not
only am I mentioning entities that are very different from one another and which are
only related to one another by the same possessive adjective, but, whatever symbiotic, proprietorial or possessive illusions we might evoke for ourselves, what I am
talking of is not me. Only my body is me, without the need for me to project myself
into it. We are inextricable to the extent that living is to be a body, before speaking it
by saying: I have a body.
Possibly my body and I are not sufficient in themselves and consideration should
probably be given to the soul that lurks behind this I which enables me to be and
allows me to say me, but that today is not our problem. What interests us, and what
interests me here in particular, since I am speaking to myself as body before you, is
the living, speaking, working, sleeping, loving body which, throughout my life, is
me, which I look after, which I tend if it is ill, which teaches me, by its mobility, that
I am space within space and, by its transformation, that I am time within time. We
live, my body which is I and I who am at the same time aware of having this body
that causes me to be and causes me to live, a personal history, progressing and
located in the history of all bodies, of all times and of all places.
How could I not love it? How could I not be attached to its integrity, in other
words to me? How could I not search to know it, since without it I do not exist? And
why continue to talk of my body and me since we are but one? The rapid overview I
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have just given enables me to summarise by saying “I”, as “I” includes my conscious body, my body subject to the progression of my existence.
It should be added that I know that I am solid, but I am also fragile when I think
that one of my organs may be affected by illness, and above all by a severe illness
with a terminal prognosis, or that it is sufficient for me to meet with a motorist on
my path. It has been said of health that it is “the silence of the organs”; my body
knows it, I know it intuitively: the pleasure of living, the strength of undertaking,
the joy of learning and understanding, but also the concern of what I will become
are associated with the joyful alacrity that good health produces, just as they depend
on worry, doubt and anxiety about the time that passes, with the certainty that one
day all that will remain of this life will be a corpse without time or space, or a decerebrate body in a state of brain death, whose heart is kept functioning desperately by
machines but without giving it life: there will no longer be what might be called a
body, no longer a me to say it. It will be death.
DEATH
Not any death: mine, of which I may speak without the least knowledge of what it is,
except that it will happen without any inkling of doubt. I do not know where. I do
not know when. I do not know how. But I know it. I know that my living, talking,
feeling body has an absolute end as far as I am concerned. I am aware that the state
which the matter that today I call my own will assume is not mine in any way. I will
not live my corpse, which will only be mine for others, for those who are alive: family, friends, the various authorities whose essential role it is to remove it from the
space of the living. For life, as we live it on earth, my body-corpse will be nothing.
I cannot conjure up nothing because I have no experience of it. No human being
has returned from the dead to allow us to picture it to ourselves from hearsay. I
know what a dead person is because I have seen some; I do not know what is my
death. And if my imagination tries to form an image of it, the image can only be
wrong and my imagination behaves like Malebranche’s “madwoman in the attic”: it
frightens me, it distresses me, it prevents me from living when I am alive, which is,
to say least, paradoxical. Obviously I will live, as a body object, in the memory of
those who at present are my nearest and dearest, but they themselves will die and it
will not be long before a body that was full of life ceases to exist entirely. This icy
certainty afflicts me, it is true, because it too has no possible representation. If one is
a poet, one writes like Ronsard:
“I shall lie beneath the earth and, boneless phantom,
My rest I shall take beneath the myrtle’s shade.”
Or like Baudelaire:
“The dead, poor things, have sorrows of their own.”
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I have liked these verses since I first came across them and they murmured to me
the fate of everyone. I repeat them to myself, but they do not relate to me: their
charm comes from the creativity of the imaginary, it indulges my lack of knowledge, it does not tell me about my death, it does not offer consolation for it, it barely
shields it. I will never know what is my death. This is probably one of the reasons
why our age is so careful about death. It is astonishing to observe that everything is
done to conjure death away, of which no-one knows what it is. It is in this sense that
Pascal wrote that one “dies alone” and he added: “others have nothing to do with it”.
THE OTHERS
The other bodies who say I. Among whom I live… until my death. If I am alive, this
is because two “others” loved one another, joined together so that I came into the
world. They looked over me, fed me, cared for me, raised me. In case of extreme
need, one or other of them, or my brother or my sister, a relative, a friend, would
surely have given one of their kidneys to save me if mine could no longer function.
As far as I can say, I would have done the same. A wonderful donation from one living being to another. The donated organ, in the donor, will no longer be able replace
the remaining organ if this one should come to die. The person who has only one
remaining kidney experiences both his or her fragility and the joy of giving the other
the possibility of life. It is a wager: the beautiful risk of life which love alone
assumes. Both knew each other and loved one another. Love is confirmed.
Whatever the case, without others, none of us could have lived. Throughout my
life, until my death, I need others first of all to survive. But not just that. All mammals, even the most solitary, need others to exist, to grow and to reproduce. While
animals, even those that live in groups, repeat the same life throughout the centuries, only one says I: the human. But he would not say it if others had not taught
him to say it. Each one of us says I because there is a you to whom it can be said,
to their face, I and you who are we. Human life only develops in all the directions
that we know, but also in novelty and even the unforeseeable, to the extent that
there is language, because individuals intercommunicate. Thus, we take decisions, we decree laws of human community, we instigate an endless multiplicity
of activities.
I have the most varied of feelings towards others: the full gamut, from love or
friendship to hatred or repulsion, passing through indifference, ignorance or forgetting. Some are in good health, others are ill to some degree, some will die. Of all of
them, even the dying, we say: “that’s life”, but we want progress in medicine to
delay as long as possible the inconceivable fatality of death. My body, however,
knows that it is promised to the ultimate metamorphosis, which is for it the corpse;
it cannot prevent, for however long, the inevitability of death.
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However, I know that at the moment that death takes me in the most irreversible
of ways, without there being the slightest possibility of turning back towards the life
that has left me, some of my organs, in the most complete unawareness, and totally
useless to my body, to my life, may save another life. Without my heart, now useless to my body, without my liver, my lungs, my arteries, etc., which, for me, can no
longer do anything, either together or separately, another human body will die
which might have survived and revived if I had taken the decision to donate it to
them during my life when my body was in good form, by foreseeing that at the time
of my death these organs would very rapidly be no more than a corpse, than decay,
if they remained in place in my lifeless body.
The other: the person who will not resuscitate my body, for which everything is
finished, with or without organs. The other, the person who will never know that
they are living with my heart or my liver, which are no longer mine because I no
longer say them, no longer see them as mine, any more than I see them in another.
The other, the person about whom I will never have known anything when I was
aware. The other, ever anonymous, unknown, unknowable, whose anxiety about
dying and desire to live I will only have anticipated while I was alive, without them
ever taking anything from me, without them depriving me of any thing. The other,
who will never know anything of me, except that they have within them an
unknown organ.
There is in organ donation a major human meaning: it is the awareness of the existence of the other, of the importance, of the value of a human life, whatever that
might be. My decision to give my organs after my brain death, and without any
other involvement on my part than this determination, requires neither courage, nor
greatness of spirit, nor particular generosity. Simply the recognition of our reality:
we are human beings only if we live in solidarity with one another. A solidarity that
implies the respect of each other’s body: that of the other and of mine, a respect
which obviously does not require an absurd artificial replacement of the organs
recovered. A minimal solidarity moreover since the recovery will not concern me at
all as I will no longer be there. I will not know what is taken nor for whom it is
taken.
It is the most abstract fraternity since those that one might call “organ brothers”
are destined to be for ever unaware of one another. But it is an admirable defiance of
the omnipotence of death! So admirable that it is almost a hope: life is not absurd,
on the contrary, it has a sense, an infinite sense if, by pursuing medical advances,
the assistance without any possible reciprocity that I can give unknowingly to an
unknown brother can be offered sovereignly (in other words, without constraint and
without expecting any benefit). Sovereignty is liberty. Liberty is spirit. And the
spirit cannot die.
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INTRODUCTION
Organ transplantations are the prime example of a field of medicine in which reality
is sometimes stranger than fiction, providing an inexhaustible source of fascination,
disquieting strangeness, ethical debates and multidisciplinary mobilisation [1].
With transplants, medicine produces “chimera” in both the figurative and the literal senses, in other words both products that violate the laws of nature and which
evoke the intricacies of the human imagination and “composite”, cobbled-together
beings resulting from separate living identities, hybrid “creatures” like the creature
of Dr Frankenstein in Mary Shelley’s visionary work. For the general public, the
creature ultimately came to be known, by a sort of mirror permutation, by the name
of its creator, which is highly significant in terms of the symmetrical relationships
between the real and imaginary, science and magic, reason and occult forces.
What in fact is the personage of the monster in this prototype science-fiction novel
that is the history of Dr Frankenstein or Frankenstein? And who is the most worrying? The author of the prodigy or the prodigy itself?
We should recall, in passing, that the words “monster”, “monstrosity”, but also
“monitor”, have the same Latin origin, the verb monere, which means both “to
show” and “to give cause for thought”.
However much they have been progressively trivialised by the protocolisation of
surgical and immunological techniques, organ transplantations confront our symbolic points of reference, and particularly those of the patients who will benefit from
them and of their immediate family, with the order of the unthinkable, an amalgamation of concepts – death and life – whose separation generally remains necessary
for social order and for the preservation of the sense of identity. More specifically,
organ transplantations oblige us to rethink what, more than anything else, is difficult
to conceive and, through such thought processes, to conquer new symbolic, philosophical and legal fields of freedom beyond the strictly technical progress that they
produce in scientific terms.
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Tackling the psychological consequences of transplantations requires us to
advance rapidly along a path strewn with obstacles, uncertainties and frightening
representations. This path is the “passage” from pre- to post-transplantation, from
the status of transplant “candidate” to that of transplant recipient, from a state of
suspension to that of survival, from expectation to renaissance but also, in a certain
number of cases, from naive illusion to a certain disillusion, from one disease to
another, from a reassuring distinction between the self and the other to the strangeness of living in partnership in the same body and the sensation of being haunted by
the other, before being able to integrate the other in the self and progress towards a
recognition of the “debt” in its varied aspects.
THE PSYCHOLOGICAL EVALUATION OF ORGAN TRANSPLANTATION CANDIDATES: ITS PRINCIPLES AND ITS AIMS
With the exception of kidney transplants, at least those performed with cadaver
grafts but not those with a related or unrelated live donor, and apart from cases in
which an intervention is performed as an extreme urgency, the procedure of transplanting a vital organ nowadays involves, among the many procedures specified as
part of the pretransplantation assessment, a methodical psychological evaluation
undertaken by a psychologist or psychiatrist.
The aim of this assessment is not to detect any psychiatric contra-indications to
the projected transplant: these can only be established by a medicosurgical
approach. Despite the dramatic discrepancy between the number of patients to be
transplanted and the number of organs available, it is not up to psychologists or psychiatrists to interfere in so ethically complex a selection. However, it is the responsibility of specialists of the psyche to identify possible factors of mental vulnerability
in the transplant candidate and a set of beneficial or protective psychosocial
resources in order to support and, where necessary, prepare future transplant recipients (and if necessary their family circle) as best possible for the many trials that the
transplant and its consequences will bring.
This assessment may attempt, obviously with a margin of error relating to the consideration of eminently subjective data, to limit the risk of occurrence of psychiatric complications related firstly to the fact of receiving a “foreign” organ, and secondly to all
the foreseeable therapeutic constraints and in particular the administration of immunosuppressant treatment (particularly the iatrogenic effects of corticosteroids). It can also
hope to detect features predictive of future non-compliance and to try to implement the
necessary support measures to prevent this. Lastly, based on this initial acquaintance
with the transplant candidate and the context in which the indication for transplantation
is established, it involves the provision of points of reference that will help support the
patient and the immediate family in the waiting period, but also during the vicissitudes
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specific to the aftermath of the transplant (somatic complications, psychiatric complications, problem behaviours). This should also include the assistance that can be provided to the care teams faced with the vagaries of such major medicosurgical projects,
tossed back and forth between enthusiasm and discouragement, the relief at having
saved a life that hung by a thread, the irritation at observing the neglect of care and the
risk-taking of patients who have escaped by the skin of their teeth, and the sadness of
losing patients to whom considerable efforts have been devoted [2].
More than 15 years ago, our team compiled a psychological assessment manual
for organ transplantation candidates in order to standardise the areas to be investigated for each candidate and to list within each of the areas investigated a set of factors supposed to indicate a favourable or unfavourable prognosis [3]. Other grids
have since been published by various authors and are commonly used by teams
involved in organ transplantations [4–7].
The areas investigated in our own grid are:
– the subject’s investments in various sectors of existence and self-representation
(variety of interests, presence of life projects, self-esteem, identification with parental figures and significant figures in their immediate circle);
– their relationships with other people (sociability, perceived support, capacity to
deal with other people);
– the quality of their mental defences against anxiety;
– the soundness of their mental health (in particular the current existence or a previous history of depressive disorders);
– their behaviour during the discussion (confidence, spontaneity, ability to benefit
from the assistance offered by the examiner);
– their usual way of coping with health problems (concepts of risk behaviour, strictness of compliance);
– their views of the transplant and its consequences.
By way of example, factors that are assumed to be favourable in this last area are:
– the patient’s personal involvement in the transplant project;
– a good assimilation of the medical information about the transplant project;
– realistic expectations about the transplantation;
– the presence of projects after the transplantation;
– motivation for the transplant due to an emotional link.
In terms of factors that are supposed to be unfavourable, these include:
– the expression of a fear of death associated with the transplant and its consequences;
– the mention of fantasies about the donor even before the transplant is performed;
– the emergence of negative emotions on the mention of the donor.
We ourselves carried out a preliminary prospective study in 50 heart transplantation candidates, 42 of whom underwent a transplant and 30 of whom were still alive
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2 years after their transplant, while the other 12 died either in the immediate aftermath of the transplantation or from later complications. The primary objective of
the study was therefore to identify the psychological factors predictive of 2-year
survival following heart transplantation [3]. Three factors proved to be indicative of
a good prognosis, even after adjustment for the severity of the somatic state and,
more specifically, the urgency of the indication for the transplant:
– suppression of the fear of death (relative risk [RR] of survival = 1.75; 95% confidence interval [95% CI]: 1.27–2.41);
– motivation of the spouse for the heart transplantation of the ill partner (RR of survival = 1.75; 95% CI: 1.08–6.98);
– lastly, the quality of the vital force observed in the patient, in other words the
capacity evidenced by the patient throughout their life to imagine the future and to
move forward despite any obstacles encountered, an ability evoking the more conventional concept of resilience (RR of survival = 1.38; 95% CI: 0.97–1.95).
Other publications report interesting results that require consideration, such as
that by Zipfel’s team [8] relating to heart transplant candidates in a context of
ischaemic cardiopathy (n = 57) or dilative cardiomyopathy (n = 95). The authors
note in passing that depressive mood and what they call a state of anxiety (or recent
anxious symptoms) are higher in the preoperative period in the subgroup of patients
with ischaemic heart disease. Three factors proved predictive of post-transplant
mortality in the study, but only in the subgroup of patients suffering from ischaemic
heart disease: age of recipient, age of donor and lastly presence of depressive symptoms prior to the transplant.
PRE- OR POST-TRANSPLANT DIFFICULTIES OF COMPLIANCE
The identification of difficulties of compliance before the transplant, whether overt
or more subtle, remains a legitimate obsession of all transplant surgeons. Patients
are moreover well aware of this and, depending on the case, try to minimise existing
difficulties or to play fair, starting from the principle that it is probably better to
establish a relationship of confidence with the medicosurgical teams rather than try
to deceive them. It is still necessary to be able to distinguish the presence or a previous history of addictive behaviour, particularly alcohol abuse, or difficulties in following a salt-free diet in a heart failure patient and neglect of drug treatment, where
the prognosis is very much more worrying.
With the reservations relating to the conditions that exist in identifying these characteristics, the articles published in this area underline both the relative rarity of the
phenomenon and the factors that appear to contribute most to it. Thus, in a series
involving 174 patients awaiting a transplantation (72 liver, 69 lung and 33 heart
transplants), poor drug compliance during the last fortnight was noted in 16.7% of
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cases [9]. The authors found no relationship between poor compliance and type of
transplant, or between poor compliance and presence of a depressive mood (in fact,
paradoxically, an inverse tendency was observed, in other words a greater frequency
of depressive disorders in strict compliers). Conversely, compliance proved less
good in subjects with a higher educational level and in those who perceived the support provided by their social environment to be more deficient.
After the transplant, unfortunately, the published data are fairly worrying since
according to the review of the subject carried out by Laederach-Hofmann et al., poor
compliance appeared to involve between 20 and 50% of transplant recipients [10].
The figures, fortunately, are more modest if they are restricted to the failure to take
immunosuppressants (3 to 13%), the highest prevalence being found in the case of
kidney transplants and the lowest in the case of heart transplants. For some authors,
moreover, a third of transplanted kidney rejects are attributable to non-compliance.
The figures are higher for other drugs (25% and over) or for diet (15 to 30%). Finally,
whereas 7% of subjects reported being smokers after a heart transplant – which is
already high! – high urinary cotinine levels were noted in 18% of cases…
THE TRAUMATIC SEQUELAE OF THE PERI-OPERATIVE PERIOD AND
THE TRANSPLANT IN GENERAL
The perioperative period surrounding the actual procedure of an organ transplant
represents in many respects for many patients a veritable “obstacle course”.
When the long-awaited telephone call comes, the urgency of the situation and the
hold exerted by reality may for some time have a paradoxical effect on the patient’s
emotions: the machinery is in progress, thought is suspended, it is no longer a time
to be afraid. The chain of events now set in motion will not end until the awakening
in the intensive care unit, sometimes with the rapid restoration of clear consciousness and an impression of deliverance which requires a certain time for the patient
to come to believe and to let himself go, and sometimes after a painful period of
transition with disturbed sleep, dreams loaded with emotions and nightmares, and
even a veritable dreamlike confusional episode. This period in which the dynamic
of life starts up again is at the same time a period in which the mental mechanisms
of defence against anxiety are relaxed, a time when the censorship put in place in
order to “cope” is lifted, or again a time for the “return of the repressed”.
A clinical vignette recorded by our clinical psychologist, Sylvie Pucheu, illustrates in exemplary fashion the chaotic transition between the pre- and post-transplant existence that some patients experience.
“Everything started, recounts Mr A., aged 40, transplanted one year previously,
3 years ago when I found myself very out of breath in everyday activities. I went to
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consult a cardiologist, who put it down to…, who told me that it was anxiety and
that there was nothing medical, despite an exercise test… I did not really know how
to deal with it. I started to suffer more and more physically. I went to see specialists
who told me I was depressive. I was really abandoned to myself, I was lost with this
physical distress […].
And then I was hospitalised as an emergency in the clinic. I remained there for a
fortnight where they detected a dilative cardiopathy with arrhythmias. There I discovered for the first time what it was to suffer physically! […]
So that was my first psychological trauma. In other words I found myself dying
there and I found myself coming back to life. I really became aware there of the fragility of life, I was very, very frightened… I really was very afraid… Little by little
I got back on my feet […].
I was registered on a waiting list a year ago. At the same time, my condition continued to deteriorate. I knew I was going to die… because I had already experienced
it. I forgot to say that a year ago, just after the pretransplant assessment, I had an
electrical storm, in other words several cardiac arrests – I had a defibrillator and this
defibrillator saved my life. But then, again, I felt I was going to die, I felt the cardiac
arrest. For me it was over… I was in the process of dying in the emergency services
ambulance […].
Four months after being registered on the waiting list I received a telephone call to
say there was a transplant ready. I was called on [gives the precise date]. So then I go
to hospital in an ambulance [the change to the present tense is noticeable], anxious but
at the same time relieved because I felt it was not much longer to wait. I was really at
the end of my tether… I was struggling in vain… I was struggling to stay alive. Psychologically I say to myself: ‘Come on, keep going!’… [again the use of the present
tense]. So I arrived here [the hospital where he was transplanted and where this conversation took place some time after the transplant] on [repeats the precise date],
frightened because… I was afraid of not waking up, and then during the two and a half
hours of the journey [from his home town to the Paris hospital where he was to be
transplanted] I knew that I was leaving with my old heart and that I would come back
with another heart… So there, I was sent to sleep. So then I remember a small
‘flash’… of a dream, I don’t really know what they injected me with, as soon as they
put me to sleep… it’s a dream which I remembered clearly afterwards. And I said to
myself: ‘Ah well, yes, I dreamt that’. I was quite simply in Amazonia, on a boat
[laughs], accompanied by a fairy. There were colours everywhere. There was a great
flash of light and then I don’t remember anything more. […]
And I had a succession of dreams that lasted for varying lengths of time. Different
adventures. Nightmares, dreams, waking dreams with a lot of hallucinations. Everything was more or less coherent. You can’t compare all that to dreams and nightmares that you have when you are asleep during the night. Well, I can compare it to
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a journey in the fourth dimension. It makes me think of a series that was on the television a long time ago… and I really was in a parallel universe. It was very realistic.
And it was endless! There were sometimes bits of reality that were slightly incorporated in these dreams or nightmares.
For example… Everything starts, I’m in my bathroom at home, I’m called on my
mobile: ‘There’s a transplant waiting for you!’ So I start again [the transplant process] and I find myself in a school. I am in a waiting room and… I find myself in a
faculty with lots of people […].
I found myself connected [makes a gesture] to a young 16-year-old girl, very
young, who was also waiting for a transplant. We were squeezed into boxes. And I
didn’t understand why I was being connected to this young girl who was also going
to be transplanted and who didn’t want to be transplanted. Moreover, I said to her in
my dream: ‘Okay, then, we’ll stop there, we’ll put the transplant off until later, it’s
too hard!’ […]
In all I was transplanted three times [continues to describe his dream experiences],
I went into three hospitals, three times it went wrong, I suffered, I saw the persons
dying before me if it was they who were going to give me their heart [indicates with
his hand an imaginary person at the place where the young girl had been whom he
had been talking about just beforehand]… I also saw myself die several times in my
dreams. My body was carried, and I was taken like that [makes a gesture] and, hup,
I was dying. For me, in my dreams, I died three times. And then, hup, I was alive
again. So it was terrible. Well… it was frightening. And I was going into a country
like hell where they were demons. And there they could ask for help for me, to cure
me. And there was another floor [makes a gesture], it was paradise… It’s as dumb
as that… but it was the environment in particular that terrified me, it seemed so
unreal: mountains, monsters… I have never experienced anything like it! […]
My dialysis machine had become Catherine, a young girl who was there, who was
helping me, with whom I discussed things… When the machine no longer functioned, the nurses tapped on it gently. I heard the machine crying, all that… It had
become a very close friend. Moreover, when they took the machine away, I was
completely idiotic… saying: ‘Hey, it’s my machine, I’ve been talking to that
machine for a long time!’”
Some time after this initiatory trial, Mr A. therefore evokes with a certain humour
the bizarre and fantastic production in which he was forced to take part by his
dreams, nightmares and hallucinations related to the periods of confusion. It can be
understand how these various dream representations enabled him at the same time
to act, through his imagination and “creativity”, and thus attempt to adopt an active
approach and a certain distance from an experience lived in passivity, fear and the
desperate search for meaning.
311

Transplantation.book Page 312 Lundi, 5. novembre 2007 6:08 06

Silla M. Consoli

From reading this account, it is possible to gauge the potentially traumatic nature
of the perioperative period for a number of transplant recipients. In addition, several
publications have attempted to estimate the prevalence of post-traumatic stress
states following transplantation.
By way of example, Mintzer et al. evaluated 104 adolescent transplant recipients
(52 liver, 39 kidney and 13 heart) on average 7 years after the transplant (range 1 to
14 years) and noted 16% complete post-traumatic stress states and 14% incomplete
syndromes [11]. It should be recalled that the levels in the general population are of
the order of 8%. The presence of such states was unrelated to sex, age, ethnic origin
of the adolescent and type of transplant or time elapsed since the transplant. Conversely, two risk factors proved predictive of such psychopathological states: the
acute rather than chronic nature of the causal disease resulting in the indication for
the transplant and the occurrence of complications during the previous year.
The parents of children or adolescents are not sheltered either from such psychopathological repercussions. A study conducted in 170 parents of adolescents
(92 liver transplants, 46 kidney, 31 heart and 25 multiple transplants), also evaluated on average 7 years after the transplantation, found 27% post-traumatic stress
states [12]. The development of such states was unrelated to sex, age of the child or
adolescent, age or educational level of the parent, type of health insurance, type of
transplant or time elapsed since the transplantation, but was related to a history of
impaired health in the child or adolescent before or after the transplant, the existence of a major impact of the child’s or adolescent’s health problems on the social
relationships of the family, a negative perception of the health structures and the
inability to exploit the transplant in order to unite the family group.
POST-TRANSPLANT PSYCHIATRIC DISORDERS: A HIGH AND UNDERESTIMATED PREVALENCE
The prevalence of anxious and/or depressive disorders occurring following transplantation is variously estimated. Many studies are cross-sectional over various
lengths of time since the transplant, generally limited to the first or second years of
follow-up, and few studies use standardised discussions to detect the presence of
psychiatric disorders in transplant recipients.
The publication by Dew et al. reports the development of psychiatric disorders
occurring at a given moment during the 3 years following the transplantation in a
cohort of transplant recipients reviewed regularly by means of a standardised discussion [13]. Three years after the transplantation, 38% of transplant recipients had
suffered at least one mental disorder during this interval, 26% of which were major
depressive episodes, 18% adaptation disorders with anxiety, 17% post-traumatic
stress states and 7% adaptation disorders with depressive mood (figure 1).
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Figure 1. Cumulative prevalence of psychiatric disorders as a function of time since transplant
(from Dew MA et al. Psychosomatics 2001).

Disorders occurring after the first year are less often due to medical events associated with the transplantation and more often to personal, emotional or professional
life events, possibly indirectly related to the transplantation. Risk factors for posttransplant mental disorders, all categories combined, are female sex, a history of
psychiatric disorders prior to the transplant, a long period of hospitalisation after the
transplant, a more precarious physical state and limited social support given by relatives or caregivers.
POST-TRANSPLANT QUALITY OF LIFE
The quality of life improves significantly in the immediate and medium term after a
transplantation, for example a heart transplantation. Despite a few disappointments,
transplant recipients generally do not “regret” having undergone a transplant. However, the data available to us are more mixed as regards the later fate.
Thus, in a population of 122 patients from a cohort of 276 heart transplant recipients still alive after 10 years, the “mental” component scores of the quality of life
questionnaire SF36 prove comparable to the scores in the general population,
whereas those of the “physical” component are significantly lower. Being aged over
65 years old, the fact of being married and a history of complications of the transplantation or treatment are all predictive of an impairment of the quality of life in
transplant recipients [14].
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INTEGRATION OF THE “FOREIGN BODY” AND ITS STAGES
The integration of the graft is a long process involving a series of successive stages.
At the beginning of this process, patients cannot consider the transplanted organ
as part of themselves, but as a foreign object to which they have no right. Genuine
mental work is required to integrate progressively this new graft with more or less
magical powers and to assimilate it as a natural element. Some authors have therefore invented the term accorporation to designate this process of mental integration
in parallel with the institution of biological tolerance of the grafted organ and which
can be tracked by noting carefully the words used by patients to talk of the transplanted organ: “the transplant”, “the transplanted heart”, then “my new heart” or
quite simply “my heart” [15].
This process of mental transformation occurs against a background of the profound
remodelling of the physical image and the self-image. All transplants bring the
patient face to face first of all with the vision of his own death, but also with bereavement over a vital organ to which the patient could be “attached” in the same way as
to a travelling companion with whom he had shared many tribulations and hopeful
moments. It also requires taking on board and going beyond the image of mutilation
and, even more worrying because it is viewed ambivalently, the death itself of the
donor (with the exception of live donor kidney and bone marrow transplants).
The correlative theme that frequently emerges after an organ transplantation in
fact involves the feeling of being possessed, “haunted”, inhabited by the spirit of the
donor. Patients can sometimes have the impression of “being two people living in
the same body” or entertain the fantasy of a new youth, a fantasy shared, not without some jealousy, by the partner. The sexual identity of the donor is also a source
of questioning. This is particularly the case when the donor is of the opposite sex
and the recipient is afraid of acquiring her or his sexual characteristics. Added to
this fantastical dimension is the reality of the physical changes, associated particularly with corticosteroids, the repair of the biopsy site and the scars.
The verbalisation of fantasies particularly occurs during the postoperative period:
the person of the donor may thus be mentioned and also, sometimes, the guilt of the
recipient for secretly having wished the death of a donor so that the transplantation
could happen. It is important to help patients overcome this sense of guilt, without
as such suppressing its expression, and to be able to recognise in the expressions of
gratitude of transplant recipients towards one particular nurse “chosen” from among
the others, or one doctor or surgeon considered as a “saviour”, the scale of the debt
incurred to an anonymous donor and his family.
Back at home, some transplant patients tend to enjoy their new life intensely with
sometimes an attitude of a genuine denial of the intervention and its consequences;
others, by contrast, embark scrupulously upon this phase, constantly monitoring
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themselves, always ready to return to hospital to shelter from the fear of dying that
constantly accompanies them; lastly, others exhibit an attitude of careful attention
towards their graft and their health in general, thereby showing the “respect” which
the “precious gift” they have been given inspires in them.
Any transplantation obliges the patient to reflect on their priorities. Some rediscover through this trial their family, friends and new interests, such as sport or
travel. A number of transplant recipients, on the other hand, come up against the
hard face of reality when they attempt to rediscover their previous social status: professional demotion, overprotection by both the professional and the family environment, difficulty in taking out life assurance, all these are aspects that are there to
remind them of their difference. Faced with these difficulties some prefer early
retirement or disability.
Transplant recipients, particularly in the case of organs as symbolic as the heart or
liver, maintain a fascination in the collective imagination that may certainly
enhance their standing, but can also trap them. Heroes in spite of themselves, forced
to comment in the media on the wonders of modern medicine or in favour of organ
donations, there are many who in private express their secret aspiration no longer to
be seen as supernatural beings and to feel once again “like everyone else”. Longterm mental work therefore awaits transplant recipients and may sometimes require
assistance from professionals to succeed: this work requires not only forgetting the
transplanted organ and the donor who provided it, but also being able to forget one’s
saviour or saviours, one’s brilliant “creator” who made survival possible but from
whom one can equally well and legitimately want to be able to detach oneself in
order to be able to develop more independently in future…
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The 1960s and 1970s saw the birth of a new era, that of transplants. Some produced
a very strong impression on the public and the first heart transplant in 1968, for
example, carried out by Barnard, created a genuine sensation, probably because the
heart has a special place in the collective imagination: certainly it is the organ whose
beating symbolises life, but quite apart from its somatic function, the heart is also
the mythical seat of many other qualities, such as courage, will, intelligence, etc.
Thus, it is readily believed that a transplanted heart will do much more than save a
life or improve health: mysterious and unknown things would come from the donor
and be inherited by the recipient, such as thoughts, ideas, impulses, emotions, etc.
Conversely, kidney, liver or lung transplants, in other words anything other than all
the new composite tissue transplants, would exert less of an impact on the mind of the
general public.
What about the hands? They also arouse a number of spectres. Languages often
refer to them to express competence (to have a sure hand), friendship (hand in
hand), artistic ability (to be good with one’s hands). The phrases and expressions
created around the word “hand” are countless. This is because the hands are on the
border between symbol and reality. They would be little if anything without the
brain (see the monkey, for example). The same applies to the brain: what would it
do without the motor function provided by the hands? It is the hand-brain unit
which is effective. The alliance of the two organs, with the aid of the genes, has
allowed the birth of humanity and its control of the world.
In fact, the complicity between the hand and the brain is much more than the sum
of two abilities working together. The pairing that they form is like a third organ
born out of their alliance. This organ is specific to human beings. Consequently, losing one’s hands constitutes an enormous trauma and occasions a handicap that is
difficult to imagine. Over the centuries, the hands have slowly improved the performance of the brain and, conversely, the latter also has slowly improved. Apart
from the qualities necessary for Homo faber, the brain has also learned to think, to
reflect and, above all, to imagine, to produce mental images and to be conscious of
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them; indeed, to be conscious of this consciousness. In particular, one of the images
is that of the body. Our body is represented in our mind.
It is Paul Schilder who defined the image of the body as that which we form to
ourselves in our mind. This idea deserves further development. It should be added
that, most of the time, it involves in our mind a healthy and above all a whole body,
an idealised one moreover, in other words how we would like it to be. This image is
part of the stream of consciousness. It crystallises when our random associations of
ideas meet it, cause it to rise up in our mind, but it is always there, in the background
of our thoughts. Our body is always present to a greater or lesser extent and our
hands play their part in this continuous process. When we communicate with others,
they accompany our speech and give it a livelier, more colourful and in particular
more expressive aspect. With our hands tied behind our backs, we would not say the
same things and in the same way. Our gestures go with words. The gesturing of the
hands often precedes them and often refines them.
If the representations of our body are not fixed, if they are in flux, it is because of
our constant desire to have a living and healthy body. This is the case when the body
is integral, healthy, neither ill nor amputated. In other words, as far as our subject
here is concerned, when those hands are valid and effective. Life is easier to the
extent that we have profoundly accepted the image of our body, whatever it is, to
the extent that we have truly accepted it.
However, we cannot but notice that some people are not happy with their body
image, even if it appears reasonably good in other people’s eyes and sometimes
even very beautiful.
This is the case for example with certain women who would like to “have their
nose redone” or have a more advantageous chest. It is often the case with adolescents whose body is in the process of changing, or dysmorphophobic persons who
would also like to be different. After undergoing surgery and obtaining what they
appeared to want, they often remain dissatisfied. What did they really want? All of
this introduces the concept of narcissism and the narcissistic imago.
The best thing would be for humans to be happy with what they have. We shall
see below what are the demands and the desires of certain individuals whose mental
organisation is narcissistic. However, we shall also see their sufferings and the reasons they have for asking to change their physical appearance. These obviously are
special cases. Nevertheless, no-one should be surprised at the desire that a human
being has to remain entire and intact.
AFTER THE AMPUTATION
What happens in a subject who has undergone an amputation of one or both hands?
Obviously, losing one hand is totally different from losing both. I remember the
318

Transplantation.book Page 319 Lundi, 5. novembre 2007 6:08 06

Hand and face transplants

conversation I had with a hand transplant candidate, and hence a potential patient,
who was still in the evaluation phase. He had agreed to help medical science
through his experience. He taught me a lot. He said to me one day: “With a single
hand (the dominant hand), I can do 80 to 90% of what I normally did. But in some
cases I am a little slower.” I asked him then why he wanted a transplant. He broadly
mentioned two types of reasons: first of all he needed both hands to carry out certain
tasks, such as piloting an aeroplane or, obviously, playing the piano; the second, less
important reason (according to him) was that he had difficulty in coping with other
people looking at him and this upset him. He could not accept being viewed as an
invalid.
I understood then that the demand for this type of transplant could be of a functional nature, and that was obviously admissible, but also of a narcissistic nature.
And why not consider these two aspects? When the body is injured, then the image
of the body is also injured. There are narcissistic injuries, intolerable damage to our
own image. Let us recall that Narcissus adored contemplating himself in the river
water. And that he died as a result, drowned, having fallen into the image that had
engulfed him.
The borders between these two images, the somatic and the narcissistic, are not
very clear-cut. They overlap, intertwine and intermingle because the Ego also can
feel proud of its functional capacities.
If the handicap caused by the loss of both hands is infinitely greater than in the
case of the loss of a single hand, so the damage, the injury to the body image is
much more severe in the first case, especially because the patient becomes dependent on others for the simplest acts in everyday life. The assistance provided by a
myoelectric prosthesis does not allow greater independence. At the beginning,
patients are depressed and feel diminished. Their body image is attacked. In addition, they often experience shame about their new condition, and sometimes even
feel guilty about it. They do not dare confront other people’s look. And all of this is
exacerbated by the functional incapacity.
This is how hand-amputated patients had to live before the transplant era. They
did not have the possibility of transplantation. Nor could they choose to say yes or
no to the offer of a transplant. They had simply to resign themselves, to accept. Currently, although a transplant is possible, some patients do not accept it, principally
because of the antirejection treatment that has to be taken lifelong and also for other,
personal reasons. They prefer to adapt. It all depends on their psychological
approach. Is the thought, the idea of the transplant firmly installed or does it simply
exist in their mind? Can they discuss it, foresee it and programme it or not? We
should remember that hand transplants have not been very numerous, at least in the
West. If nothing is programmed or installed in the mind, a time of pain, loss and
mourning and, later, of physical wound healing and resignation then occurs.
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THE IMAGE OF THE BODY BEFORE THE TRANSPLANT
When a transplant is considered, the period of mourning gives way to a period of
hope. Patients can now forget the past and start to look to the future, to want instead
of being depressed, and expect a major change in their life. It is very important at
this point that they should be monitored by a psychiatrist who is accustomed to
transplantation. In fact, everything that may be said to patients will be translated
into what is significant for them. Their intellect may entirely understand what is
being said to them, but their need, their desire to have hands, to do what they were
able to do beforehand, causes them to conjure up a world that takes little or no
account of the important matters that are being communicated to them on the subject of their future transplant: the very long waiting time (a year) before they can
start to use the hands in even a slightly useful way (the nerves advance only a millimetre a day); the difficulties and constraints of the tedious, daily rehabilitation and
physiotherapy. Not to mention the very lengthy hospitalisation period. They tend to
forget all of that.
Moreover, there may be the desire to rediscover the mastery of a musical instrument, for example, or the precision of a professional gesture, whereas doctors aim
more at achieving recovery of the elementary gestures of ordinary life. The desire to
have hands again is necessarily accompanied by a certain degree of idealisation.
Excessive enthusiasm leads to disappointment in that the demand for a transplant is
sometimes made to deny and cancel out the loss of the hands. This may confer a
grandiose and omnipotent aspect on the surgical procedure.
Before the transplant, it is not sufficient simply to assess the patient, a transplant
recipient told me. He must be examined carefully, “scrutinised”. This subject
wanted to show by this the inevitable gap between the imaginary and the real, while
wishing that it was not too great. And he was talking from experience. Physicians
must inform patients and psychiatrists must ensure that the latter have properly
understood the information. Furthermore, the psychiatrists must also describe in
detail to patients the trials that await them in order to combat any idealisation, which
is always disappointing and deceptive. This will help them considerably.
AFTER THE TRANSPLANT
Transplants all differ from one another, but a hand transplant poses extremely specific problems:
– because it is visible;
– because it comes from a cadaver;
– because it is not immediately functional.
A transplanted heart, fortunately, functions immediately, a kidney or liver
almost immediately. However, the hand, an organ which has both motor and
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sensory functions, is made up of composite tissue and, as I have mentioned earlier, a transplanted person has to wait a considerable time to be able to use it. It
takes a year for patients to be able do more or less what they did with a myoelectric prosthesis (with some pluses and minuses).
Transplanted organs often come from a cadaver. But when hands have just been
transplanted, it is obvious that they come from a dead person. They seem dead and
they are dead. They must return to life.
After the graft, when the patient regains consciousness, the vision that he has (I
say he because I have only followed up men) is that of an enormous dressing at the
end of his wrist(s) or forearm(s). He is in the same situation as he was after his
amputation – with one major difference: he has hands! But unfortunately he cannot
use them.
What follows is the history of recovery. Several points need to be considered.
– Anxiety, often in the form of a risk of depersonalisation, is related to the foreign
nature of the grafted hand, its corpse-like appearance and also the vision of the very
apparent limit that separates the donor’s arm from the recipient’s hand, symbolic of
the disturbing coexistence of the dead and the living, the familiar and the worrying.
A bout of anxiety often occurs on the first change of dressing but is not expressed as
there are no words to describe this vision. The patient sees that he/she is mortal.
– Regression is necessary and desirable in the immediate aftermath of the graft as
the patient is then totally dependent. It should not last too long and prevent the mind
from becoming active again.
– The risk of depression depends on the previous personality of the patient and also
on the difference between what they imagined and the reality of their impotence.
– The postoperative shock, cortisone, a serum reaction or a graft versus host reaction may cause a state of delusional confusion to a greater or lesser extent. One
patient saw hands on the wall that were making signs at him. This was an external
projection of what was frightening him internally: the grafted hands.
– Revival of the initial trauma, the cause of the loss of the hands and the surgery
that followed. The patient may start to relive his initial accident, see his hands
exploding or being shredded with blood everywhere, have nightmares or obsessive
thoughts. Generally this does not last. The patient gradually has to reconstruct his
image.
APPROPRIATION OF THE HANDS
Once the physical transplant has been performed, the psychological transplant is
only just beginning. This is the period of appropriation. Patients’ psychological
reactions and fantasies are related to the visible aspect and the non-functionality of
the grafted hand. However, the patient fairly rapidly rediscovers what he had lost:
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enthusiasm and desire. “Dream has become reality”, one of them declared. A new
period begins.
I explained to an English-speaking patient that he would have to dompter (to subdue) and apprivoiser (to win over) his hands. English does not distinguish between
the two words, which can both be transplanted by “to tame”. So he asked me: “Like
a tiger or like a squirrel?” “Both”, I answered, and it was true.
Another image comes to me: that of an adolescent, and more specifically a female
adolescent when they discover and have to appropriate their new body.
This patient (who agreed to let me talk about him) told me later: “I touch my hand
and it is like an old girlfriend.” The hands had then become his hands.
This time of appropriation must be assisted and encouraged by the psychiatrist as
it is essential, but it is also threatened by the dual phenomenon of denial and splitting.
Denial involves the patient saying, or rather thinking, two contradictory statements at the same time: “I know that the hands come from a corpse” and “I do not
want to know anything about it”. The mind therefore splits in two, which is the best
means of eliminating the contradiction. It is a well-known psychological means of
defence. It is very effective but cannot last very long as reality always has the last
word (except in certain psychological organisations). It is used when something is
unbearable. It is not always possible to resort to it, particularly when faced with
excessively strong emotions and tensions. In these cases, the patient regresses to
other means of defence, for example dreams and reverie, if possible. Otherwise the
psyche is invaded by anxiety or even distress, or the patient resorts to magical thinking. One patient, who was in fact psychologically robust, told me that a well-known
spirit in his country, a sort of devil, had twice tried to suffocate him by pressing his
hand over his mouth while he was asleep. The first time he had time to turn away
and escape. The second time it was fortunately a male spirit, who has a hole in his
palm, and he was able to breathe through this hole.
THE FRANKENSTEIN ASPECT
We know that Mary Shelley’s hero, Frankenstein, was composed of pieces of human
bodies sewn together. When a patient sees his transplanted hand for the first time,
the vision that he has is a fairly horrifying one: swelling, threads, sutures, additions,
the possible difference in colour between the two skins, all of that makes us understand why a patient is obliged to deny his visual observation. It is a trauma. The fantasies that then invade the mind are also traumatic and evoke worrying images and
thoughts of death returning to life.
Can the hand, which is still “someone else’s” hand, become independent again?
What will it do? Will it take control over me while I have no control over it and do
322

Transplantation.book Page 323 Lundi, 5. novembre 2007 6:08 06

Hand and face transplants

unimaginable things, which however I would secretly want? All these spectres have
nourished the literature of fantasy as they are part of the human imagination. They
are common and they are observed in all types of transplants, but in the case of the
hands they are much more conscious because it is the hands that are involved and
because of their aspect of visibility.
Even in the case of non-visible transplants, these fantasies can emerge abruptly.
Before receiving a bone marrow graft, a young boy wondered: “If the donor is a
girl, will I become a girl? But I think he is American and therefore I will be able to
speak American …”
This spectre of being controlled by the donor interrupts the reassuring and continuous sensation that we have of our own body and our bodily image. This image is
already seriously impaired by the loss of the hands. The transplant that is supposed
to repair it initially makes it even worse. There is in addition the idea of the debt
contracted to the donor and the vision of these strange hands that need to be appropriated. All these processes require mental elaboration and consequently the assistance of an experienced psychiatrist.
The hand transplant represents a major step in the history of transplants. I will not
myself offer any conclusion. I prefer to let a patient have the final word. He told me
one day: “This graft isn’t just life-saving. It’s much more. It’s life-giving.”
THE FACE TRANSPLANT
Our experience is limited to the sole case in France and the first in the world. This
was a woman whose lower part of the face had been torn away. She wore a surgical
mask permanently.
We were surprised by the ease with which the patient integrated and appropriated
the grafted face. It is true that during our long discussion some months before the
operation I had stressed these ideas of integration and appropriation.
Integration was perhaps a false problem because anything is better than no face at
all, so that the anticipated problems did not actually materialise: from the time of the
immediate postoperative period the patient had a face rather than a hole.
While it is the case for the hands that the challenge is principally functional, for
the face it is primarily aesthetic in the mind of the amputee. In fact, the functional
aspect also obviously exists but, mistakenly, appears subordinate.
The fantasy propounded in the media of living with “someone else’s face” did not
occur in the predicted traumatic way. I had insisted on two points:
– the grafted faced should be modelled on her personal osteomuscular structure;
– the result should not resemble either the donor’s face or the patient’s former face.
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Finally, I talked in detail of the necessary mental appropriation that we had
observed in the case of hand grafts, which allowed a patient to make the grafted
hand his or her hand, involving the workings of the psyche with which we can help.
Everything happened in the best possible way and we must thank the patient for
her understanding and cooperation.
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