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Solid organ transplantation has become a clinical practice after the development of different im-
munosuppressive drugs that allowed controlling rejection. The price to be paid for that is the
permanent risk of infections and malignancies and a significant drug-associated toxicity. The es-
tablishment of transplant tolerance has been the “holy grail” for transplantation medicine since
its beginnings. Different experimental approaches and clinical trials resulted in the accumulation
of knowledge on mechanisms and strategies that favor the establishment of tolerance without
achieving the objective of autonomous allograft tolerance in the clinical field. Development of
tolerance in intestinal transplantation constitutes a challenging situation due to several particular
features that contribute to the generation of a strong allogeneic response. In the present review,
we summarize the different immune mechanisms that may contribute to allograft tolerance. The
different barriers that should be bypassed in intestinal transplantation to tolerate the graft are dis-
cussed. Finally, we revise the strategies that were applied with different degrees of success in the
clinical field including the most promising recent approaches and the forthcoming candidates in
the field that might be translated into clinical trials in the near future.
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INTRODUCTION

The improvement of surgical techniques, the experience gained in patient manage-
ment, and the development of new immunosuppressive strategies have supported the
refinement of intestinal transplantation (ITx) to become a therapeutic option for pa-
tients with permanent intestinal failure [1–3]. Most of the surgical challenges asso-
ciated with ITx and multivisceral transplantation (MVTx) have been described and
standardized, but the procedure remains challenging since immune-related adverse
events are frequent. Over the last decades, physicians have successfully reduced the
incidence of intestinal graft loss pertaining to acute cellular rejection (ACR) by per-
forming a protocolized endoscopic follow-up of the graft and by using potent im-
munosuppressive medications, which in average tend to be more aggressive than for
other solid organ transplantations (SOTx) [1, 4, 5].
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The intestine harbors the highest load of lymphoid cell populations and lymphoid
structures among the different organs that can be transplanted. Besides, the gut lu-
men is colonized by a complex microbiota containing a high number of immunostim-
ulatory molecules. This high immunogenicity of the intestinal allograft constitutes the
main reason for the unique immune challenges observed in the ITx recipients, prob-
ably only comparable to lung transplantation. An adequate immune balance would
result in reduction of ACR and chronic rejection, the current most frequent indica-
tions for intestinal retransplantation [5–7]. Therefore, the ultimate solution might be
to induce tolerance to the donor tissue in the recipient. A tolerant intestinal recipient
would no longer require administration of immunosuppressive drugs with the conse-
quent benefit of a reduction in the long-term drug-related morbidities (renal toxicity,
hypertension, diabetes, among others). However, the possibility of inducing a repro-
ducible state of tolerance remains an infrequent event in clinical transplantation, and
even more uncommon to be achieved in ITx [7, 8].

In the present review, we summarize the intestinal immunological features that are
critical for the establishment of intestinal graft tolerance, discuss the rationale and the
results obtained with tolerogenic strategies used in experimental and clinical studies
so far, and we revise promising approaches that may be translated into clinical practice
in the future.

IMMUNE TOLERANCE MECHANISMS AND HOW THEY CONTRIBUTE
TO ALLOGRAFT TOLERANCE

The general term immune tolerance defines the state in which the immune system
does not respond or fails to react to a foreign or a self-antigen. Immune tolerance
includes several forms: gestational tolerance, central tolerance, and peripheral toler-
ance comprising oral tolerance. In transplantation biology, the term “transplantation
tolerance” was proposed more than 50 years ago when Medawar and colleagues pro-
vided the basic knowledge for acquired tolerance to alloantigens [9]. Transplantation
tolerance is not a physiological mechanism, because immune pathways were not evo-
lutionary designed to confront allograft implantation. To achieve transplantation tol-
erance, different tolerogenic mechanisms have to be manipulated in order to induce
long-lasting acceptance of the allograft.

Gestational Tolerance
The phenomenon of tolerating paternal antigens from fetal tissues during pregnancy,
which is referred as gestational or fetomaternal tolerance, includes several mecha-
nisms: (1) separation of blood circulation between fetus and mother; (2) the pregnant
uterus serves as an immune privileged site; and (3) fetal factors regulate maternal im-
mune responses [10]. Without going into further details that are beyond the scope of
this review, but worthy to mention is the striking evidence that trophoblasts, special-
ized cells of the placenta, have the capacity to target immune cells by the human leuko-
cyte antigen-G (HLA-G), a non-classical HLA class I molecule, resulting in tolerance
induction [11, 12]. Beyond trophoblast cells, diverse other cell types such as endothe-
lial, hematopoietic, and epithelial cells can express membrane bound or soluble HLA-
G under different conditions contributing to tolerogenic circuits [13]. Several studies
have proven a correlation between increased level of soluble HLA-G in serum or biop-
sies from heart [14], kidney [15], liver-kidney [16], and liver [17] allografts and low
frequency of ACR. Furthermore, a recent study has reported that liver trans-
plant (LTx) recipients with operational tolerance have a higher expression level
of HLA-G on monocytoid DC than healthy controls or patients with maintenance
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immunosuppression [18]. Unfortunately, no data are currently available on the role
of soluble or cell surface-expressed HLA-G molecule in ITx patients.

Central Tolerance
Central tolerance is the term used for thymocyte selection during T-cell maturation
phase in the thymus [19]. Low affinity T-cell receptor (TCR) binding of double-positive
thymocytes leads to positive selection by inducing an anti-apoptotic signal mecha-
nism. Self-reactive T cells are depleted during T-cell maturation in the thymus by the
mechanism of clonal deletion, also referred to as negative selection, which means
apoptotic cell death of T cells bearing TCR with high avidity to self-peptide/major
histocompatibility complex (MHC) [19, 20]. The rationale of using central tolerance
mechanisms to favor allograft tolerance has been tested in different experimental set-
tings by direct intrathymic inoculation of alloantigen showing improved graft survival
[21]. However, intrathymic antigen delivery has not reached routine clinical applica-
tions yet. Some strategies applied to the ITx clinical practice may be partially relying
on central tolerance generation in favor of establishing allograft tolerance. Starzl and
coworkers at Pittsburgh have used a protocol of combining donor bone marrow trans-
fusion (so-called bone marrow augmentation) with ITx or MVTx from the same donor
in order to achieve central engraftment of hematopoietic cells [5, 6]. These experiences
are commented in more details in subsequent sections.

Peripheral Tolerance
The term peripheral tolerance or postthymic tolerance is used to explain the phe-
nomenon of peripheral abrogation of activation of auto-reactive T cells, which es-
caped clonal deletion in the thymus [22, 23]. Several mechanisms may contribute to
peripheral tolerance, among them: (1) T-cell activation by TCR–MHC interaction with
an antigen presenting cell (APC) that is not displaying co-activatory signals leading to
T-cell anergy [24]; (2) suppression through specialized regulatory dendritic cells (DC)
leading to clonal deletion or generation of regulatory T cells (Treg); or (3) bystander
suppression through Treg cells [25]. Furthermore, several cell types and mechanisms
may contribute to shape T-cell response to generate Treg cells including, and not re-
stricted to, particular subsets of DC, myeloid-derived suppressor cells, mesenchymal
stem cells (MSC), or regulatory B cells [26–30]. Although a detailed discussion of these
mechanisms is beyond the scope of the present review, a brief update is included
in the following section. Several approaches tested in the clinic to favor graft accep-
tance have a rationale related to peripheral tolerance, such as the costimulatory block-
ade and Treg cell therapy. Various therapeutics (recombinant antibodies or proteins)
have been developed to target costimulatory interactions between CD28-B7 or CD40-
CD154 with promising results in different experimental models [31]. In the ITx set-
ting, the blockade of either the CD28-B7 costimulatory pathway with the fusion pro-
tein CTLA4Ig or the CD40-CD154 pathway with the monoclonal antibody to CD154
(MR1) failed to hinder ACR in murine models [32, 33]. Concerning Treg cell therapy,
there is evidence that promoting Treg induction through different strategies improves
survival of heart [34], liver [35], and kidney allografts [36], whereas no attempts have
been made in this direction for intestinal allografts.

Oral Tolerance, a Special Case of Peripheral Tolerance with Potential to Induce Intestinal
Allograft Tolerance
Thymus-derived tolerance mechanisms are not suited for harmless foreign antigens
from the intestine. Therefore, oral tolerance has evolved as an additional peripheral
tolerance with a set of mechanisms for nonresponsiveness against food and com-
mensal antigens administered by the oral route [37, 38]. Different doses of antigen
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administered orally subsequently induce different tolerogenic mechanisms from the
induction of Treg cells to anergy and clonal deletion [39–42]. The main players of
oral tolerance mechanisms are Treg cells expressing transforming growth factor-beta
(TGF-β) and IL-10 typically but not exclusively expressing the transcription factor fork-
head box P3 (FoxP3). Treg cells were named differently during their history of discov-
ery such as Th3 [43] or Tr1 [44]. Treg cells are further subdivided into natural FoxP3+

Treg (nTreg) and induced FoxP3+ Treg (iTreg), whereas nTreg cells undergo thymic
selection and iTreg are generated from naı̈ve CD4 T cells in the peripheral immune sys-
tem [45]. Another important regulatory cell type are CD103+ (integrin chain alphaE)
dendritic cells (CD103+ DC), which are migratory DC located in the lamina propria
and mesenteric lymph nodes (MLN), but are not found in blood stream or other lym-
phatic organs [46].

Oral tolerance induction with alloantigens of MHC class molecules has been tested
as a tolerogenic therapy for SOTx. Womer and colleagues [47] performed a pilot study
with four renal allograft patients feeding donor HLA-DR2 peptides and subsequently
analyzing in vitro T-cell proliferative response. They found that a low dose (0.5 mg/d)
administration suppressed alloreactivity, but not higher doses. Although promising,
this type of studies has to be extended to a larger group of patients for a longer period
of time and to other MHC peptides. It is tempting to consider that the small bowel with
its oral tolerance machinery might be highly receptive for such type of treatment, since
T cells that are activated in the context of the intestinal mucosa tend to recirculate to
mucosal sites [48] generating a circle of activation and relocalization of Treg cells that
may be exploited to induce intestinal allograft tolerance. To our knowledge, no animal
studies have been conducted so far attempting such a protocol for intestinal allografts,
nor any clinical trials in other SOTx.

DEFINING TRANSPLANTATION TOLERANCE IN CLINICAL PRACTICE

The accepted definition for transplantation tolerance in animal models includes three
major components: (1) prolonged allograft survival with normal graft function in the
absence of all immunosuppressive drugs; (2) evidence of suppressed or absent donor-
specific response using in vitro assays; (3) appearance of a histologically normal graft
at the end of the experiment. How to apply this definition in the clinical practice, where
transplantation tolerance is also called operational tolerance, has become challenging
because there is no clear consensus on how to define normal or stable graft function. It
is well recognized that the clinical variables routinely used for monitoring graft func-
tion are not highly sensitive to detect early graft failure. In the case of ITx, there is a lack
of biochemical markers to assess graft function. Considering these limitations, to cate-
gorize a patient as tolerant in a clinical study only the first component of the definition
is usually applied [7].

Spontaneous Graft Acceptance
A small number of transplanted patients, particularly with renal or liver allografts,
become spontaneously tolerant after withdrawing of the immunosuppressive regi-
men. This phenomenon is a rare event, and still unpredictable (between 5% and 20%
of liver, and arguably less than 5% of renal allografts become spontaneously tolerant)
[7, 8, 49–51]. To the best of our knowledge, no intestinal allograft recipient has been
reported as spontaneously tolerant except the case of ITx among identical twins with
living donation [52]. Whether this phenomenon is natural and which of the tolerance
mechanisms is responsible for obtaining it is not completely understood. Important
efforts are being made in order to identify particular features of the group of patients
that develop spontaneous tolerance. A European consortium, dedicated to study
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spontaneous operational tolerance in kidney transplant recipients, has identified
several features on these patients that may provide a hint on the mechanisms ongoing
in spontaneous tolerance. Among these mechanisms, an increase of peripheral B
cells with regulatory phenotype [53], upregulation of particular set of genes [54], and
regulatory miRNAs [55] in peripheral blood mononuclear cells has been described.
A similar approach was developed by several groups on operational tolerant LTx
patients, finding as common features an increase of plasmacytoid DC populations in
peripheral blood [56], an increase of FoxP3+ T cells with suppressive capacity [57],
and an increase of specific subsets of regulatory gamma delta T cells [58]. In spite
of some common aspects shared by most of these studies, it is becoming clear that
organ-specific tolerogenic circuits may be operating in each case.

BARRIERS TO ACHIEVING TOLERANCE IN INTESTINAL TRANSPLANTATION

Experimental studies proved the difficulties to induce tolerance in mice after per-
forming ITx, whereas mice became tolerant to liver engraftments [59, 60]. It has been
demonstrated that a certain hierarchy of immunogenicity exists among the differ-
ent organs to be transplanted. In coincidence, in the clinical setting, risk of rejection
follows this pattern: from lower to higher risk for liver, kidney/heart/pancreas, and
lung/intestine. The same order has been observed for the occurrence of acquisition of
spontaneous allograft tolerance [7]. We will discuss in this section some of the current
obstacles, and how they might be overcome using the actual knowledge of tolerance
mechanisms and the available therapeutic options.

Innate Immunity
Innate immunity is the first line of defense against harmful pathogens and an impor-
tant link for initiating adaptive immunity. The molecular players, pattern recognition
receptors capable of interacting directly with pathogen-associated molecular patterns
and the cellular players, such as epithelial cells, myeloid cells, and innate lympho-
cytes, are heavily represented in the intestinal mucosa. Several excellent recent re-
views cover studies on the interaction among these players [61–63]. Furthermore, self-
derived molecules released upon tissue injury can also activate innate immunity [64],
becoming an increasingly considered harmful component in SOTx [10, 65, 66].

Any SOTx is subjected to ischemia–reperfusion injury (IRI) as part of the transplant
procedure. The activation of the innate immune response is a component of the tissue
damage caused by this process [67]. In the case of ITx, the complexity of the surgical
procedure implies ischemia during operation and the intestinal barrier itself is highly
labile to IRI [68–70]. This was pointed out in a rodent study comparing ITx and heart
Tx with tolerance donor-specific blood transfusion model. The authors “mimicked”
ITx features by remote intestinal IRI (clamping of the superior mesenteric artery for
30 min) or by the administration of LPS through the penile vein in the tolerogenic heart
Tx model [71]. Their results showed that the beneficial tolerance induction through
the blood transfusion in the heart Tx is completely abandoned by the addition of IRI or
LPS, two major “danger” signals that induce innate immunity. It has to be kept in mind
that the intestinal microbiota itself constitutes a potent inducer of innate activation in
the case of barrier damage making the situation of ITx delicate [72]. Consequently, at-
tenuating the effects of IRI and the subsequent activation of the innate response has
been considered as a central part of any strategy tending to minimize immunogenicity
of intestinal allograft and shifting it to a tolerogenic status. Several strategies have been
proposed to prevent or reduce IRI in ITx such as donor immunosuppressive precondi-
tioning [73–75], cytokine administration [76], ischemic preconditioning [77, 78], and
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antioxidant administration [77]. However, none of these strategies has become part
of a routine clinical practice yet. It is worth to note that some ITx programs include
an intestinal decontamination phase for donor and recipient, in order to minimize
translocation of microbial products in the early posttransplant period [72]. However,
no comparative analysis has been performed between groups of patients that under-
went ITx using the decontamination procedure and those not using it.

T-Cell-Mediated Rejection Process
T-cell-mediated immune response with its main players, CD4+ and CD8+ T cells, lead-
ing to alloreactivity and ACR is certainly one of the main barriers before tolerance
might be induced. The process is well documented and the main molecular and cel-
lular players have been identified. Newell and colleagues elegantly evaluated the par-
ticularity of CD4+ and CD8+ T cells in the ITx setting. By treating mice with depleting
antibodies for either CD4 or CD8 T cells before ITx, they showed that both cell types
are involved in the ACR process [79]. This is in contrast to studies in other SOTx. For
example in a study of heart Tx, depletion of CD4+ T cells was sufficient to abrogate re-
jection [80]. In a subsequent study, Newell and colleagues used knockout mice, either
for CD4 or for CD8, to test the role of these cells in the ACR process [81]. Surprisingly,
the CD4 and CD8 knockout models did not abrogate the ACR process in contrast to the
specific-monoclonal antibodies depleting experiments. The authors argue that prob-
ably the depleting monoclonal antibodies mediate their protective effect on allograft
rejection through a different mechanism such as the induction of a regulatory cell pop-
ulation. However, these experiments emphasize an important particularity of the ITx
compared to other SOTx.

Secondary Lymphoid Structures
The intestinal allograft carries secondary lymphoid structures such as MLN, Peyer’s
patches (PP), and isolated lymphoid follicles (ILF), and it is the allograft among SOTx
with the highest load of lymphoid tissue [82, 83]. Newell’s group has shown that donor
lymphoid structures participate in the generation of allograft rejection mechanisms
[84]. By using splenectomized lymphotoxin alpha deficient mice, which have no MLN,
PP, and peripheral LN, they showed that donor organs contribute to this process. Fur-
thermore, extensive proliferation and increased frequency of interferon-gamma (IFN-
γ )-producing alloreactive recipient T cells occurred primarily in the allograft MLN rel-
ative to the recipient LN and spleen, concluding that the allograft secondary lymphoid
organs play a primary role in initiating recipient anti-donor immune response.

On the other hand, allograft lymphoid organs are fundamental for various pro-
cesses that may contribute to graft homeostasis such as production of IgA against com-
mensals and mounting an adaptive immune response against invasive pathogens en-
tering the gut lumen [85, 86]. IgA synthesis contributes to overall intestinal immune
homeostasis, which should be sustained to avoid local inflammatory reactions [87, 88]
that may lead to ACR. In the context of tolerance, as it was shown in the oral tolerance
section, MLN are the essential site for tolerance induction. Until now, no strategies
were tested in order to manipulate this capacity to favor induction of Treg against al-
loreactive harmful T cells.

Another aspect to be considered after the ITx operation is the fact that efferent lym-
phatic vessels coming from the MLN are not reconstructed. Whether this mechani-
cal disruption has an impact on leukocyte trafficking and subsequently influencing
alloimmune reactivity or suppressor function has not been definitively clarified. It is
thought that lymphatics are regenerated naturally by lymphangiogenesis after the first
few weeks posttransplant as it was shown in animal models [89–91]. However, Kellers-
man and colleagues demonstrated in a rat model that immediate reconstruction of
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the intestinal lymphatic vessels improves the survival rates of ITx transplanted animals
[92]. During the first two to three postoperative weeks, lymph containing immune cells
from the mesentery is routinely collected by a drainage system in human transplant.
We analyzed cellular content and found that the turnover from donor CD8 T cells to re-
cipient T cells is completed during the second week posttransplant [93]. This analysis
of gut draining cells might be interesting for studies of cellular subtypes with mem-
ory or regulatory functions and might provide a hint for future outcome of allograft
survival.

Alloreactive Memory T Cells
The capacity of the adaptive immunity to form memory T and B cells is a benefit against
invading pathogens and also a main focus to achieve in vaccinology, whereas mem-
ory cells are a major hurdle for tolerance induction in transplant biology [94, 95]. As
part of its highly immunogenic properties, the intestinal allograft has a high number
of memory cells situated in the lamina propria.

Memory cells and SOTx is a complex field with many faces. Here, we will discuss
shortly some major aspects on memory T-cell biology, such as costimulatory blockade
avoidance, lymphopenia-induced proliferation, cross-reactivity, and pretransplant al-
loreactive memory cells, which are certainly all influencing survival rate of allografts.
Memory T cells do not need costimulatory signals for activation, which means that
immunosuppressive strategies focused in blocking costimulatory signals and subse-
quently induce tolerance through the mechanism of anergy are not effective on mem-
ory T cells [95].

Lymphopenia-induced expansion of the memory T-cell pool may arise upon dif-
ferent immunosuppressive treatment such as sirolimus, T-cell depleting antibodies,
and costimulation blockade [96, 97]. This is due to the fact that memory T cells expand
quicker than naı̈ve T cells, when the pool of T cells have to be refilled [98].

Cross-reactivity is a further threat to allografts. This was elegantly evaluated in two
different murine infection models one with Leishmania major [99] and the other with
lymphocytic choriomeningitis virus [100] both combined with skin grafts. Although
experimentally or clinically not yet evaluated in ITx, the high incidence of environ-
mental exposure makes the intestinal allograft susceptible for cross-reactivity. Even
more, each individual has a different and heterologous set of memory T cells due to its
infectious history [101]. This may partly explain the higher allograft acceptance rate in
children compared to adults. Furthermore, the memory T-cell load is more heterolo-
gous in humans compared to mouse models, which are exposed to a germ-free envi-
ronment making the evaluation of experimental protocols for clinical settings difficult.

The presence of alloreactive memory T cells before transplantation, due to retrans-
plantation, blood transfusion, or pregnancies, has been evaluated in various human
studies and it became clear that their presence causes higher risk for ACR [102, 103].
Unfortunately, the field of alloreactive memory cells was not a focus of the ITx commu-
nity so far. Therefore, studies of the impact of alloreactive memory T cells are certainly
missing in the ITx field.

OVERCOMING BARRIERS TO OBTAINING TOLERANCE IN INTESTINAL
TRANSPLANTATION

So far, we have shown the various tolerance mechanisms and the particular barriers
that hinder tolerance induction in ITx. In this section, we discuss the different clinical
protocols attempting to overcome these barriers and finding a way to induce tolerance
in ITx patients. We discuss the first attempts from the Pittsburgh group, then the dif-
ferent protocol of cellular immunotherapy, and finally the latest attempt, a promising
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FIGURE 1. Immunological basis of intestinal allorecognition, rejection, graft versus host disease,
and tolerance. Multiple immune interactions either in donor or recipient tissues result in triggering
rejection in the graft tissue if not properly controlled. APC, antigen presenting cells; GVHD, graft
versus host disease; IL, interleukin; TNF, tumor necrosis factor.

multifactorial immunomodulatory approach from the Leuven group headed by Prof.
Pirenne.

Strategies on the Road Toward Induced Tolerance in Intestinal Transplantation
In contrast with other organs, the profound bidirectional immune interaction be-
tween the intestinal allograft and the host immune system have challenged the under-
standing and practical achievement of intestinal graft tolerance (Figure 1) [5, 72, 104].
Based on the evolving comprehension of different mechanisms that might promote
and maintain tolerance, numerous protolerogenic regimens have been proposed. The
translation from research to clinical use has not been performed as successful as ex-
pected, but a number of approaches have become part of the current clinical regimes.

Among different strategies to induce transplant tolerance, the concept of reducing
the T-cell load in the recipient was first established by the Pittsburgh group in 1995
[5]. Cyclophosphamide was the first drug introduced for induction immunosuppres-
sion as lymphocyte depleting therapy in ITx, which was later replaced by anti-IL-2R
antibodies (Ab) (daclixumab and basiliximab) [105], then by anti-thymocyte globulin
(ATG), and by the anti-CD52 Ab (alemtuzumab) [5]. The introduction of a T-cell de-
pleting protocol led to a significant (10%–20%) reduction of the early posttransplant
rejection, whereas only a marginal improvement for the long-term and no operational
tolerance were achieved [5]. In addition to the initial protocol, a single infusion of un-
modified donor bone marrow cells and ex vivo graft irradiation was added in order to
favor the development of tolerance through central and peripheral mechanisms. The
rationale of this strategy is commented in the next section.

Another strategy for achieving tolerance was the development of interventional
strategies to lower the antigenicity and immunoreactive cell populations in the graft.
In the year 2000, the Pittsburgh group included in their protocol a 7.5 Gy ex vivo irradi-
ation of the graft to deplete proliferating activated T cells. However, the efficacy of this
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FIGURE 2. Comparison between the tolerogenic immunosuppressive protocol proposed by the
Pittsburgh group and the multifactorial immunomodulatory protocol introduced by the Leuven
group.

procedure was not satisfactory and it was abandoned [5]. With similar rationale, dif-
ferent programs started to treat the donor with T-cell depleting drugs (thymoglobulin,
OKT3 or combined therapy) before the organ retrieval [103]. The main aim of this in-
tervention was to reduce graft versus host disease (GVHD). The extra benefit of donor
pretreatment to deplete T cells is the decrease of IRI as shown in a rat model for kidney
Tx [75].

In 2001, the Pittsburgh group and others started to use the tolerogenic immunosup-
pressive protocol based on two major principles: (1) recipient preconditioning with a
single high dose of an anti-lymphocyte treatment (rATG or alemtuzumab) in combina-
tion with minimization of posttransplant maintenance immunosuppression; and (2)
elimination of corticosteroids that were part of the maintenance immunosuppression
(Figure 2a). High doses of cortocosteroids and calcineurin inhibitors can negatively
influence the development of Treg cells affecting the balance toward tolerance [106,
107]. In spite of improvement of patients and graft survival with these protocols, there
is still lack of evidence of full clinical allograft tolerance.

Cellular Immunotherapy: Infusion of Donor Cells, Concepts and Clinical Applications
The infusion of donor hematopoietic cells at the time of transplantation has been used
as a tolerogenic approach in clinical transplantation based on evidence from animal
models [108, 109]. The evolution of this finding took different approaches; one was
based on using myeloablative therapy followed by BMTx and SOTx, whereas other
groups have used nonmyeloablative donor bone marrow cells infusion so called bone
marrow augmentation.

In different clinical SOTx, the Pittsburgh group used the strategy of bone marrow
augmentation with partial success depending on the type of graft [6]. The persistence
of donor-derived hematopoietic cells has been documented in stable long-term trans-
plant recipients, and this “micro-chimerism” was considered necessary to achieve in-
ducible graft tolerance presumably by central and peripheral tolerance mechanisms
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[6]. In ITx, this protocol was tested on 37 transplants performed with a single infusion
of 3 to 5 × 108 unmodified donor bone marrow cells at the time of the engraftment. In
19 transplants, a low dose of ex vivo irradiation of the graft was added to the protocol
[5]. The protocol of bone marrow augmentation was abandoned due to long-term dis-
appointing outcomes [110], and protocols were adapted to the “tolerogenic immuno-
suppression protocol” described before.

So far, there have been some successful phase II clinical trials that have achieved
operational tolerance in kidney transplant patients using living donors and a modified
BMTx procedure at the time of SOTx [111–113]. These encouraging results warrant the
expansion of these strategies to other SOTx.

Multifactorial Immunomodulatory Approach: The Closest Innovation to Intestinal
Transplant Operational Tolerance
In 2006, Pirenne and Kawai [114] published the first series of four patients under a
novel immunomodulatory protocol (Figure 2b) using: (1) donor-specific blood trans-
fusion (300–600 mL of whole blood collected at the time of the procurement given
to the recipient during the transplant through the portal vein) [115, 116]; (2) a stan-
dard dose of induction therapy with anti-IL-2R antibodies (basiliximab 20 mg on day
1 and 5 postoperation); (3) maintenance immunosuppression avoiding high steroid
doses (16 mg of glucocorticoid was given in the first doses and reduced to 4 mg over
3–6 months) and low doses of calcineurin inhibitor (initial attended target levels of
tacrolimus 15 ng/ml tapered to 10 ng/ml and to 5 ng/ml over the same 3–6 months
period); and (4) measures to limit the inflammatory reaction within the intestinal graft
(ideal donors were selected, ischemia time was minimized to less than 5 h, small bowel
decontamination was started in the donor and given for 3 months, and glutamine was
administered parenterally and enterally posttransplantation). Following this protocol,
no single rejection episode was documented in 250 biopsies, no GVHD was diagnosed.
The presence of chimerism was monitored once a week during the first month and
once a month thereafter using HLA serotyping of peripheral blood and genetic tech-
niques finding only one recipient presented transient chimerism.

The preliminary results of this multifactorial approach were confirmed in a follow-
up report published in 2009 [72] including 7 consecutive patients (3 isolated –one with
kidney, and 4 combined liver-intestine). With a follow-up period between 8 months
and 8 years, only one over seven patients developed a single episode of ACR 4 months
after transplant and died due to a fungal infection. Some of the immune mechanisms
that may contribute to this positive outcome are higher number of CD4+ CD25high T
cells in peripheral blood, and FoxP3+ T cells detected by RT-PCR and immunostaining
in the intestinal mucosa [72]. Those preliminary findings are consistent with the ones
observed for spontaneous tolerance in kidney [117] and LTx [118].

Although true tolerance has not been achieved yet in ITx, and in spite of the reduced
number of cases, this new strategy presents the best long-term results in terms of
rejection-free and patient survival reported in the field being close to the dreamed “op-
erational tolerance.” The prospective application of the described protocol is needed
in other centers around the world in order to validate the reported findings facilitating
graft acceptance and reducing the doses for long-term immunosuppression and the
expected side effects.

FUTURE PERSPECTIVES

There are several strategies aiming to generate allograft tolerance and immunomodu-
lation, currently under development for other SOTx or for immune- mediated patholo-
gies that appear promising and that could possibly constitute a new step toward the
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long sought tolerance in ITx. Among them, there are several approaches based on
adoptive cellular therapies oriented to generate tolerance by promoting the differen-
tiation to Tregs, mainly by peripheral tolerance mechanisms. The infusion of tolero-
genic DC has been successfully proven in experimental models and there are currently
clinical trials under way for kidney transplant patients that have shown promising re-
sults so far [119]. Furthermore, there are several studies that have shown that the in-
fusion of MSC promotes generation of Treg-based tolerance with positive results in
experimental models. This strategy has turned out to be successful in ongoing clinical
trials for kidney transplantation [120].

Among other strategies aimed to skew the immune response in favor to the graft,
some molecules derived from parasites with potent immunomodulatory properties
appear as attractive candidates to be used in SOTx. Sj16, a peptide derived from Schis-
tosoma japonicum was shown to have a potent capacity to induce CD4+ CD25+ Treg
cells in vitro and in vivo via IFN-γ and IL-10 [121], is an interesting candidate to be
added to the immunomodulatory armamentarium used in the SOTx field.

CONCLUSION

Over the last decades, tolerance has evolved from a laboratory research topic to a
possible available therapeutic approach. Up to now, more knowledge than favor-
able clinical results has been obtained. However, operational tolerance has been
successfully achieved and promoted in kidney and liver. The complexity of the small
bowel allograft makes it difficult to rationalize strategies toward this end. Along the
history, problems associated to the relatively low number of transplanted patients, the
difficulties to perform prospective randomized trials, and the inherent risk of weaning
immunosuppression in a highly reactive graft have impaired the progression to reach
clinical intestinal transplant tolerance. Nevertheless, the multifactorial treatment
approach seems to have overcome some of the hurdles to skew immune homeostasis
to the regulatory side. It should be kept in mind that each transplanted solid organ
has its particularity that has to be wisely considered and evaluated in the construction
of future strategies for graft acceptance.
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