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Abstract
Research in Tolerance and Chimerism by Transplant immunologists for over half a century is akin to the 

pursuit of the Holy Grail. Animal experiments for inducing tolerance may not have been successful initially but 
in that process, our knowledge of the fascinating immune system has been greatly enriched. Understanding 
of innate and adaptive immune systems has paved the way for development of potent immunosuppression. 
However, achieving clinical or operational tolerance long term in renal transplant recipients in the absence 
of immunosuppression is the ultimate goal for clinicians. Reduction in immunosuppression will lower 
morbidity and mortality associated with heavy burden of immunosuppression. This review article will be of 
particular interest to clinicians involved in delivering care to renal transplant recipients. We have elucidated 
mechanisms of self-tolerance through central and peripheral tolerance, evolution of tolerogenic strategies, 
difference between macro and micro-chimerism, overview of successful protocols for inducing tolerance 
and recent work in the development of expanding regulatory cell lines. It is most encouraging to note 
progress using cellular therapies as reported by Immune Tolerance Network and by Transplant Research & 
Immunology group at Oxford. We may not be far from achieving clinical tolerance albeit with minimal if not 
completely immunosuppression free regimens in the longer term. 
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Tolerance in Transplantation

The highest result of education is tolerance

Helen Keller [1], Tolerance is derived from ‘tolero’ in Latin, 
which means to endure. Achieving transplant tolerance has 
been the subject of research for over half a century and our 
current understanding of tolerance has evolved during that 
time. It is by no means complete and the search for true 
tolerance continues.

Tolerance is the ability of a foreign tissue or organ to survive 
in a host without immunosuppression. It can be described 
as donor specifi c non-reactivity in experimental models [2]. 
“Clinical operational tolerance” is described as a well-functioning 
graft lacking histological signs of rejection in absence of 
immunosuppression for at least 1 year in an immunocompetent 
host capable of responding to other challenges including infections 
[3,4].

In contrast, “Immunological tolerance” is no detectable immune 
reaction towards the allograft in absence of immunosuppression. 
It is a state of permanent and specifi c immunological acceptance 
of the allograft by the host immune system in the absence of 
immunosuppression.

Self-tolerance

The concept of tolerance towards transplanted organs is 

best understood through learning about self-tolerance. The 
lymphoid system, which consists of T and B-lymphocytes, 
controls the immune system protecting the host from foreign 
pathogens. In the developmental pathway of the lymphoid 
system, T cells and B cells undergo education and maturation 
in the central lymphoid organs; the thymus and bone 
marrow. During this maturation process, T and B cells learn 
to differentiate between self-antigens and non-self (foreign) 
antigens [5,6]. 

Central tolerance

In the affi nity-avidity model, self-tolerance comprises of 
central and peripheral tolerance and can be described as a kind 
of surveillance mechanism to prevent expansion of potentially 
harmful auto-reactive T and B cell clones [7] (Figure 1). 

Intermediate affi nity refers to those self-reactive T cells 
with intermediate affi nity/avidity for self-antigens that escape 
thymic negative selection and are released into the periphery. 
These self-reactive T cells display lower affi nity/avidity for 
MHC/self-peptide complexes but are capable of self-peptide-
driven proliferation and may differentiate into potentially 
pathogenic effector cells.

Central tolerance is the most important process by which 
the potentially auto-reactive T and B cells are eliminated by a 
process called clonal deletion [5,6].
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T and B cells mature in the Thymus (T) and bone marrow 
(B) respectively. When T cells fi rst reach the thymus, they 
are immature and lack T cell receptors (TCR). They also lack 
CD4 and CD8 antigens, hence being called double negative. 
In the thymus, T cells undergo a process of rearrangement, 
where they are incorporated with a receptor (TCR) and process 
of upregulation of CD4 and CD8 antigens takes place. As the 
cell matures, it has CD4 and CD8 antigens and is called double 
positive cell or thymocyte. 

Double positive T cells start reacting with peptides in 
thymic stroma that represent the ‘self’ peripheral proteins. T 
cells that react too strongly with self-peptides are eliminated 
by apoptosis or subsequent negative selection. Those cells that 
interact favorably with self-peptides are in turn positively 
selected and eventually become mature T cells that express 
either CD4 or CD8 receptor (single positive T cells). This 
process is referred to as clonal selection [8,9]. 

Thymocytes with very low avidity interactions fail to induce 
survival signals and die within the thymus. Eventually, only 
3-5% of original T cells that entered the thymus are positively 
selected and end up as mature T cells leaving the thymus. 
Similarly, B cells are also tested for reactivity to self-antigens 
before they enter the periphery. Immature B cells, developing 
in the bone marrow, test antigen through the B cell receptor 
(BCR) (Table 1).

Peripheral tolerance

Peripheral tolerance is the ‘sweeper’ mechanism of 
destroying those self-reactive T and B cells that somehow 
escaped central tolerance mechanism and end up in the 
peripheral circulation. They are controlled in the periphery 
by one of the following mechanisms: deletion and apoptosis, 
energy, and regulation or suppression [8-10] (Table 2).

Thymus-derived regulatory T (tTreg) cells are considered 
main mediators of central immune tolerance, whereas 
peripherally derived regulatory T (pTreg) cells function to 
regulate peripheral immune tolerance. A third type of Treg cells, 
termed iTreg, represents only the in vitro-induced Treg cells. 

Depending on whether the cells stably express Foxp3, pTreg, 
and iTreg cells may be divided into two subsets: 

a. Classical CD4+Foxp3+ Treg cells and 

b. CD4+Foxp3− type 1 regulatory T (Tr1) cells.

Peripherally derived regulatory T (Treg) cell subset 
CD4+Foxp3− type 1 regulatory T (Tr1) cells have received 
increasing attention for their immunomodulatory functions 
which make them a promising target for prevention of organ 
transplant rejection. 

Immune response to an allograft is incredibly complex 
and there is an ongoing dialogue between innate and adaptive 
immune systems during the recipient’s lifetime. 

Collaborative efforts through Immune Tolerance 
Network (NIH) and Reprogramming the Immune System 
for Establishment of Tolerance consortia (EU) have afforded 
researchers the opportunity to evaluate tolerogenic strategies 
in terms of safety and effi cacy as well as identifying molecular 
and genetic markers that distinguish tolerance phenotype [11].

Tolerance signatures

Transplantation tolerance was fi rst induced in experimental 
models in the mid-1950s, and was fi rst reported in 1975 in 
clinical transplantation [12]. Spontaneous operational tolerance 
has been achieved serendipitously in non-adherent patients. 
Studying ‘tolerance signatures’ or biomarkers has been of 
immense interest as validation of these biomarkers across 
different set of populations will aid in formulating predictive 
models for identifying those recipients that will achieve 
tolerance with minimal or no immunosuppression long term.

Brouard et al., proposed a classifi cation tree after reporting 
fi ndings in 27 tolerant kidney transplant recipients against 
a matched cohort of recipients with stable graft function on 
immunosuppression and a control group of patients who 
rejected their graft from non-adherence [13] (Figure 2). 

Immunosuppression may affect ‘Tolerance signatures’ 
and biomarkers may be different in those with established 

Figure 1: An avidity model of tolerance induction in the thymic medulla. Reference: 
Multitasking in the medulla, Nature Immunology, Volume: 11, Pages: 461-461, 2010.

Table 1: Mechanism of central tolerance.
Step 1: Anergy- If signalling through the BCR is suffi ciently weak, immature B cells 

can be rendered permanently unresponsive
Step 2: Deletion- If immature B cells are strongly self-reactive, they are deleted

Step 3: Receptor editing- Through BCR gene rearrangements, a new receptor with 
altered specifi city is generated 

 Table 2: Mechanism of peripheral tolerance.
Deletion and apoptosis: This is also termed activation-induced cell death (AICD) 

and is mediated by interaction of Fas (CD95) with its ligand (Fas-L or CD95L) on T 
cells, and can occur in developing thymocytes as well as mature T cells. 
Anergy: This is a state of hyporesponsiveness of T or B cells to further 

antigenic stimulation. It can result from antigenic stimulation in the absence of 
costimulation.

Regulation or suppression: Regulatory T cells (Treg cells) comprise of 
"natural" Treg cells and “adaptive” Treg cells. They control the type and magnitude 
of a given immune response to a foreign antigen, ensuring that the host remains 

undamaged. 
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tolerance as compared to those on immunosuppression [14,15]. 
These biomarkers may also evolve over time. Signatures of 
tolerance in renal transplants show differential expression 
of B cell–related genes and relative expansions of B cell 
subsets but in initial studies, the tolerant recipients were 
not receiving immunosuppression unlike comparator groups 
[14]. Robello-Mesa et al., defi ned and validated a new gene 
expression signature, independent of drug effects with 
ability to differentiate tolerant patients from healthy controls 
(cross-validated AUC = 0.81). In a prospective cohort, they 
demonstrated that the new signature remained stable after 
steroid withdrawal. They also validated the gene expression 
signature for reliably identifying patients suitable for IS 
reduction (approximately 12% of stable patients), irrespective 
of the IS drugs [15]. 

Brouard et al., have identifi ed a composite score which 
discriminates operationally tolerant patients with an area 
under the curve of 0.97 (95% confi dence interval 0.94-1.00). 
It is based on six genes and two demographic parameters and 
is not infl uenced by immunosuppression, center of origin, 
donor type or post-transplant lymphoproliferative disorder 
history. Meta-analysis was performed after a micro-array of 
20 gene signatures from 46 operationally tolerant recipients 
and 266 recipients with stable graft function [16]. The score 
is associated with both de novo anti-HLA antibodies and 
tolerance loss.

In 2010, Lechler et al., published their fi ndings after 
conducting a multicentre study aiming to develop reliable and 
reproducible assays for detecting tolerance in renal transplant 
recipients that consisted of 71 European kidney transplant 
recipients, and 19 age and sex matched healthy controls [17]. 

Tolerant patients showed the following characteristics

• expansion of peripheral blood B and NK lymphocytes

• fewer activated CD4+ T cells

• lack of donor specifi c antibodies

• donor specifi c hyporesponsiveness of CD4+ T cells

• high ratio of FoxP3 to α-1,2 mannosidase gene 
expression

• differential expression of B cell related genes and 
associated molecular pathways

This was one of the fi rst studies where cross-platform 
biomarkers have been used to analyze operational tolerance. 
It is robust in that validation of biomarkers and bioassays was 
using a completely independent set of patients and test set was 
derived from a genetically different population. 

Chimerism

Chimerism is co-existence of donor and host haematopoietic 
stem cells inside the host without inducing an immunological 
reaction against donor cells. 

The pioneering experiments of Owen et al., (1945) paved 
the way for understanding microchimerism [18]. In this 
above report it was noted that cattle twins that shared a 
common placenta showed red cell chimerism that extended 
in to adulthood. This indicated that the exposure to non-self-
antigens in utero or neonatal life can lead to a microchimerism 
state where there is acquired tolerance. 

The uniqueness of cattle or bovine dizygotic twins is that 
they are synchoric (share common placenta) due to vascular 
anastomosis taking place in early embryonic life. Each calf has 
a proportion of red cells belonging genetically to itself and that 
belonging to the twin. They were also shown in subsequent 
experiments to be able to tolerate skin grafts from each other 
[19]. This led to further experiments by Anderson et al., in 
1951 where skin grafts were used to distinguish monozygotic 
from dizygotic twins [20]. The authors came to an important 
conclusion that interchange of red cell precursors and 
leukocyte precursors should confer tolerance upon grafts of 
skin epithelium (earliest discovery of HLA).

Transplantation between genetically identical monozygotic twins 
has shown remarkable results of tolerance [19]. However, among 
dizygotic (HLA non-identical) twins, the microchimerism is 
incomplete and hence leads to inadequate tolerance [19-23]. 

Microchimerism is persistence of a small number of 
donor cells (<1% of all circulating recipient cells) within 
the recipient body. Presence of such microchimerism can 
occur from pregnancy, blood transfusion and previous 
transplants. Microchimerism leading to spontaneous 
operational tolerance has been seen in up to 20% of liver 
transplants thought to be due to large number of donor 
leukocytes that come with the transplanted liver and lead to 
donor microchimerism in the recipient. 

Tolerogenic strategies (Table 3)

Cellular therapies: Potential impact of cellular therapies 
(Transplant Research Immunology group) has been extensively 

investigated by Wood K et al. [24,25]. The following table 

Figure 2: Graft and recipient survival probability according to time post-transplant 
and status of operational tolerance or s under immunosuppression. Reference: 
The Natural History of Clinical Operational Tolerance after Kidney Transplantation through 
Twenty-Seven Cases’, American Journal of Transplantation 2012; 12, 3296-3307.
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illustrates different cellular therapies- knowledge of their 

mechanisms of action is still evolving (Table 4).

Total lymphoid elimination protocols: Tolerance is achieved 

by irradiating the lymph nodes, spleen and thymus. Clinical 

application therefore is limited due to the high toxicity of this 

kind of treatment. At present, it is limited to use in patients 

with multiple myeloma and co-existing end stage renal failure 

to induce a state of lympho-haematopoietic chimerism. 

Splenectomy: Spleen produces B lymphocytes and IgM. 
Splenic irradiation or splenectomy results in elimination of 
these antibodies resulting in a state of tolerance. This strategy 
was commonly used in Japan for ABO incompatible transplants 

where they observed that splenectomy along with other 
immunosuppressive regimens resulted in a graft survival rate 
exceeding 90% at 5 years. However, the role of splenectomy 
has clinical limitations, as some recent studies have shown 
that spleen is important for induction and maintenance of 
regulatory CD4+CD25+ T cells which in turn are important for 
self-tolerance (Figure 3).

Multiple receptor ligand interactions have been studied as 
potential sites for blockade for inducing transplant tolerance. T 
lymphocytes require the engagement of both TCR and a series 
of coreceptors, notably costimulatory signals for complete 
activation. Blockade of these cell-surface molecules results in 
incomplete activation and T cell energy leading to transplant 
tolerance.

The best characterized of costimulatory pathways involves 
CD28 receptor that binds to CD80 and CD86 ligands expressed 
on antigen-presenting cells. Engagement of CD28 by CD80/86 
costimulates T-cell proliferation, mainly through increasing 
IL-2 production, while blockade of this interaction inhibits 
T-cell responses. 

CTLA-4 (CD152), another CD28 family member, is not 
expressed on resting T cells but is induced by T-cell activation. 
As CTLA-4 binds the same CD80/86 molecules but with a 
20–50-fold higher avidity, soluble forms of the molecule 
can compete with CD28 to block costimulatory signals. 
These observations led to the development of a potent CD28 
antagonist, CTLA4Ig better known as Belatacept.

Successful protocols with the aim of inducing tolerance in 
kidney transplant recipients enabling immunosuppression to 
be discontinued are listed as follows:

Protocols achieving full donor chimerism (Table 5)

Protocol achieving transient mixed chimerism: (Table 6)

Protocol achieving sustained mixed chimerism (Table 7)

 Table 3: Current tolerogenic strategies in use.

Strategy
T cell depletion

Mechanism of action
ATG: T-cell depletion in blood and peripheral lymphoid tissues 
through complement-dependent lysis and T-cell activation and 
apoptosis, modulation of key cell surface molecules, induction 
of apoptosis in B-cell lineages, interference with dendritic cell 
functional properties, induction of regulatory T and natural killer 
T cells
Alemtuzumab: Depleting monoclonal antibody to CD52 on T,B,NK 
cells and monocytes

Costimulation 
blockade

Abatacept, Belatacept: Blockade of CD28:CD80/86 costimulatory 
pathway
Efalizumab: Blockade of LFA-1:ICAM-1 co-stimulatory pathway

Other T cell 
therapies

Basiliximab: Blockade of CD25
Aldesleukin + Rapamycin: Increase regulatory T cell proliferation 
and survival and stabilise the expression of FoxP3

B cell therapies

Rituximab: Depleting monoclonal antibody to CD20
Belimumab: Blockade of BAFF B cell activating factor causing 
depletion of follicular and alloreactive B cells, decrease in 
alloantibody response and promotion of immature/transitional B 
cell phenotype
Atacicept: Blockade of BAFF and APRIL (A proliferation inducing 
ligand)
Bortezomib: Proteosome inhibitor causing apoptosis of mature 
plasma cells
Eculizumab: Blockade of complement protein C5 to prevent 
complement mediated injury

Figure 3: Approaches to induction of transplant tolerance. Reference: Tolerogenic 
therapies in Transplantation” in Frontiers in Immunology, Jul 2012.

 Table 4: Current Cellular therapies in development.

Mixed 
chimerism

Infusion of donor bone marrow into myoablated /immune-condition
ed recipient for producing co-existence of donor and recipient cells

Regulatory T 
cells

Infusion of expanded regulatory T cells to inhibit infl ammatory 
cytokine production, down-regulate costimulatory and adhesion 
molecules, promote anergy and cell death, convert effector T cells 
to a regulatory phenotype and produce suppressive cytokines IL-
10,TGF-B and IL35

Dendritic cells
Deletion of T cells, induction of Tregs and anergic T cells, expression 
of immunomodulatory molecules and immunosuppressive factors

Macrophages
Enrichment of CD4+ CD25+ Foxp3 cells and cell contact and casp
ase dependent depletion of activated T cells

Myeloid 
derived 
suppressor 
cell

Inhibit proliferation of effector T cells, activate inhibitory T cell 
receptors and inhibit IFN-Y producing T cells

Mesenchymal 
stromal cells

Inhibition of T cell activation and proliferation by upregulation of 
FoxP3 regulatory T cells and downregulation of MHC Class II and co-
stimulatory molecules

Regulatory B 
cells

Maintenance of CD4+FoxP3+ regulatory T cells, production of TGF-B, 
IL-35, IgM, expression of Fas-L 
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MGH Protocol uses stem cell infusions to achieve a state of 
mixed chimerism where donor stem cell and recipient immune 
systems co-exist with one another to achieve an unresponsive 
state of tolerance. This protocol uses non-myeloablative 
conditioning with T cell modulation and/or co-stimulation 
blockade with short term immunosuppression to allow co-
existence of recipient and donor bone marrow cells in a state of 
mixed chimerism.

Excellent allograft survival has been demonstrated in this 
model that is an evidence of central tolerance (thymic deletion). 
Mixed chimerism also allows superior immunocompetence 
and resistance to development of GVHD [26]. 5 patients 
were transplanted from HLA single haplotype mismatched 
living donors in and transient chimerism was achieved in 
all recipients. One recipient developed irreversible rejection 
and required protocol change. Immunosuppression could 
be discontinued in the other 4 recipients; 9-14 months after 
transplantation. They also demonstrated that recipient T cells 
were unresponsive to donor alloantigens in vitro and there was 
increased level of FoxP3 mRNA in biopsy samples obtained 
from these recipients.

Further modifi cations were made to the MGH protocol in 
2014, and the group published fi ndings on 10 patients who 
received combined bone marrow and kidney transplants from 
HLA single haplotype mismatched living donors. Transient 
chimerism developed in all recipients and tolerance to donor 
alloantigens was achieved in majority of patients. 6 patients 
could not be withdrawn from immunosuppression indefi nitely 
and role of T regulatory cells in development of tolerance was 
demonstrated.

Leventhal et al., have demonstrated durable whole blood 
macro-chimerism, stable renal function, no anti-donor antibodies 
and normal protocol biopsies in trial using facilitating cell 
infusions in kidney transplant recipients [16].

Yolcu et al., have demonstrated that stable macrochimerism 
that enables immunosuppression withdrawal can be established 
in HLA mismatched kidney transplant recipients using 
facilitating cell therapy. These cells promote engraftment of 
haematopoietic stem cells without risk of GVHD [27].

In the FCRx (Facilitating cell infusion) trial to induce 
chimerism and tolerance, 30 out of 31 transplanted patients 
receiving FCRx demonstrated macro-chimerism post-
transplant. Durable chimerism was established in 23 out of 31 
patients (majority developed ‘full’ >95% whole blood/T cell 
chimerism). 20 subjects fully weaned off immunosuppression 
between 3 to 70 months, 2 subjects being in the fi nal stages of 
weaning. There have also been 2 deaths (1 from steroid resistant 
GVHD/CMV at 11 months and the other from lung cancer at 4.5 
years), 2 cases of graft losses and 2 of GVHD.

The Stanford group published their experience of sixteen 
patients undergoing HLA-matched kidney and hematopoietic 
cell transplants. Conditioning with total lymphoid irradiation 
and ATG promoted increased proportions of CD4+ CD25+ 
regulatory T cells and chimerism in 15 patients. 8 patients had 
successful withdrawal of immunosuppression for 1–3 years 
but 4 had recurrent disease or rejection and were unable to 
withdraw [28-31].

In the modifi ed protocol, 38 HLA matched and mismatched 
patients given combined living donor kidney and enriched 
CD34+ hematopoietic cell transplants were enrolled in 
tolerance protocols using post-transplant conditioning with 
total lymphoid irradiation and anti-thymocyte globulin [32-
35]. Persistent chimerism for at least 6 months was associated 
with successful complete withdrawal of immunosuppression 
in 16 of 22 matched patients without rejection episodes or 
recurrence of primary renal disease in 5 year follow up [36-39]. 
Persistent mixed chimerism was achieved in some haplotype 
matched patients for at least 12 months by increasing the dose 
of T cells and CD34+ cells infused as compared to matched 
recipients in a dose escalation study. None of the 38 patients 
had kidney graft loss or graft versus host disease with up to 14 
years of observation [40,41]. 

Conclusions

The biggest challenge in achieving sustainable tolerance 
in the context of organ transplantation is the incomplete 
understanding of this extremely complex process of immune 
reactivity. Although the immune system can achieve natural 
self-tolerance during foetal life by various mechanisms 
acting in tandem to preserve self-antigens, yet achieving 
such tolerance in the clinical setting to accept a foreign 
tissue has posed tremendous challenges to the clinicians and 
immunologists. At present, proposed protocols for inducing 
tolerance have signifi cant drawbacks in terms of drug toxicity 
and unpredictable results. Ongoing trials in cellular therapies 
(ONE study and TWO study) by the Transplant Research 

 Table 5: Full donor chimerism protocols.

Massachusetts 
General Hospital 
protocol (MGH):

HLA matched related donor kidney and bone 
marrow transplant for haematologic malignancy

50% 
achieved 

removal of 
IS (5 out of 

10),
30% 

achieved 
sustained 

anti-tumour 
response

Massachusetts 
General Hospital 
protocol (MGH):

Haploidentical donor kidney and bone marrow 
transplant for haematologic malignancy

75% in 
remission (3 

out of 4)
2 likely 
tolerant

Northwestern 
protocol:

Haploidentical/mismatched related and 
unrelated donor kidney and bone marrow 
transplant for ESRD without malignancy

63% 
achieved 

removal of IS 
(5 out of 8)

Table 6: Transient mixed chimerism protocol.
Massachusetts 

General Hospital 
protocol (MGH):

Haploidentical donor kidney and 
bone marrow transplant for ESRD 

without malignancy

4 out of 10 (40%) 
achieved sustained 

tolerance

Table 7: Sustained mixed chimerism protocol.

Stanford 
Protocol:

HLA matched and haploidentical related and 
unrelated donor kidney and bone marrow 
transplant for ESRD without malignancy

44% achieved removal 
of IS (HLA matched)

0% sustained tolerance 
(haploidentical or 
unrelated donor)
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Immunology Group appear to be promising. With better 
understanding of extremely sophisticated mechanism of 
immune reactivity, it will be possible to achieve the elusive 
clinical goal of true tolerance.
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