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Abstract

Kidney transplantation remains the optimal treatment for end-stage renal failure by improving 
patient survival and quality of life. Although modern immunosuppressives have largely 
overcome the problem of acute rejection, long-term allograft survival rates have not 
improved since the 1990s as the immunosuppressive drugs that we use to protect the graft 
ultimately lead to its destruction by causing chronic allograft nephropathy. It is for these 
reasons that the induction of tolerance remains the ultimate goal in transplantation. While 
we have made major advances towards achieving tolerance in renal transplantation using 
animal models, there are still several major hurdles that must be overcome to allow the 
translation of data from experimental models into clinical trials. This review discusses 
the four strategies used to achieve tolerance, namely mixed chimerism, co-stimulation 
blockade, lymphocyte depletion and regulatory T-cell immunotherapy. We examine each 
technique’s strengths and pitfalls and argue that immunologic tolerance may be possible 
by using a combination of strategies. (Trends in Transplant. 2008;2:117-28)
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Introduction

One of the goals in transplantation is to 
achieve tolerance to the transplanted organ. 
Ray Owen1,2 together with Billingham, Brent 
and Medawar3 demonstrated this concept of 
transplantation immunologic tolerance. In this 
now classic citation, Billingham, et al. demon­
strated that tolerance could be induced delib­
erately by the introduction of donor-specific 
antigen into neonatal mice and this allowed 
them as adults to accept skin allografts from 
the same donor3. While this was a very prom­
ising start, the translation of tolerance from 
animal models to the clinical setting has re­
mained very challenging and elusive.

Definitions of transplant tolerance

The definition of transplant tolerance is 
much debated. The definition of “true” toler­
ance is the long-term acceptance of a trans­
plant in the absence of any immunosuppres­
sive drugs in an immunocompetent host, with 
the transplant displaying normal histologic 
characteristics and function4. In experimental 
models, this definition of tolerance also re­
quires that the recipient be able to accept a 
second graft from the same donor, while be­
ing able to reject a third-party graft. This 
“functional” definition does not attempt to as­
sign a strategy for the induction, nor a mech­
anism that is responsible for the tolerant state, 
and therefore can most probably be accepted 
by the majority of clinicians and scientists 
working in this very active field. 

Achieving tolerance in clinical transplan­
tation, however, is clearly a formidable task 
and may only be possible in specific groups 
of transplant recipients. Nevertheless, striving 
for this goal in clinical transplantation is im­
portant as, in the process of defining strate­
gies that will result in transplant tolerance and 
the mechanisms that are brought into play, 

this will lead to innovations in therapy and 
clinical care that will benefit transplant recipi­
ents in the future. For example, the concept 
that lifelong, high-dose immunosuppression is 
essential in maintaining graft function in every­
one who receives a transplant is being chal­
lenged as there are clearly subgroups of 
transplant recipients, notably liver recipients, 
who can slowly be weaned off immunosup­
pression5. This weaning off immunosuppres­
sion produces a clinical state termed “opera­
tional tolerance”, which is defined as the 
long-term survival of a graft with stable func­
tion in the absence of maintenance immuno­
suppressive drugs6. This may be a more re­
alistic goal to strive for as opposed to “true” 
tolerance. It may not, however, be possible in 
all transplant recipients, and reducing or min­
imizing immunosuppression in the long term 
may be achieved in these recipients instead. 

The Soulillou group have described a 
subset of renal transplant recipients that exhi­
bit spontaneous “operational tolerance”6. They 
have studied these patients and identified 
clinical factors as well as a gene signature 
that is associated with this state7. These could 
prove very useful tools in identifying the sub­
group of patients that could successfully be 
weaned off immunosuppression.

The importance of achieving 
tolerance

The introduction of cyclosporine, a cal­
cineurin inhibitor (CNI), in 1970, revolutionized 
transplantation by overcoming the problem of 
acute rejection and allowing long-term graft 
acceptance. Since then, a variety of immuno­
suppressive drugs, such as tacrolimus, myco­
phenolate mofetil, and sirolimus, just to name 
a few, have been developed. Why is it then 
that the quest for tolerance is still so sought 
after, given that we have an array of immuno­
suppressive drugs? This is because although 
the CNI (cyclosporine and tacrolimus) have 
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dramatically improved patient and graft sur­
vival after transplantation, they are often used 
as part of a cocktail of immunosuppressants 
that must be continued indefinitely posttrans­
plantation, each component bearing a signifi­
cant side-effect profile. Among the most se­
vere side effects are infections, malignancy, 
nephrotoxicity, hypertension, and diabetes 
mellitus8. Furthermore, these very drugs that 
we rely on to protect the graft actually cause 
damage in the long term by leading to chronic 
allograft nephropathy in renal transplant recipi­
ents. Moreover, it has been shown that some 
immunosuppressive drugs, notably steroids 
and CNI, may have a negative impact on the 
natural mechanisms the immune system uses 
to promote the generation of tolerance9, while 
others, such as sirolimus, may promote toler­
ance via the development of regulatory T-cells 
(Treg)10. Therefore, one of the major goals of 
new immunosuppressive regimens being de­
veloped is to reduce the dose of immunosup­
pressants and avoid the long-term use of ste­
roids and CNI. Instead, they aim to maintain 
graft function in the long term by encouraging 
the development of specific unresponsiveness 
or tolerance to the transplant.

Why has achieving tolerance  
in the clinic proved such  
a formidable task?

The human immune system is a com­
plex interplay of multiple cell types and path­
ways. The more we understand about this 
system, the clearer it becomes that our im­
mune system has evolved to include a redun­
dancy within it. Therefore, to achieve toler­
ance in humans, multiple pathways need to 
be targeted. 

The vast experience of the human im­
mune system, acquired as a result of a con­
stant exposure to environmental antigens, 
could be one of the critical differences be­
tween naive animal models and humans. This 

may explain why tolerance induction protocols 
that are effective in animal models have proved 
less successful in the clinic. Most tolerance 
studies have been performed in pathogen-free 
rodents and nonhuman primates, which lack a 
large pool of memory T-cells that are present 
in human transplant recipients. If memory T-
cells hinder the induction of transplant toler­
ance, then we would expect children (who 
have a relatively small memory T-cell pool) to 
have better outcomes following transplantation. 
Support for this theory comes from two large 
cohort studies following liver transplant recipi­
ents, in which pediatric age at transplantation 
was associated with ability to successfully with­
draw immunosuppression11,12.

While immunologic memory is a critical 
component in the fight against infection, in 
clinical transplantation it acts as a barrier to 
tolerance induction due to the presence of 
alloreactive memory T-cells. These cells are 
generated pretransplant in sensitised individ­
uals due to previous transplants, blood trans­
fusions or pregnancies, and in non-sensitised 
individuals as a result of cross-reactivity with 
viral antigens (heterologous immunity)13,14 or 
via homeostatic proliferation15. Memory T-cells 
also contribute to late graft loss as memory 
T-cells that develop after a rejection episode 
are refractory to current drug therapy16. Fur­
thermore, memory T-cells have different co-
stimulatory requirements than naive T-cells17, 
and therefore strategies that target the classical 
CD28-B7 or CD40-CD154 co-stimulatory inter­
actions are likely to be ineffectual in controlling 
the memory cell pool.

Strategies to achieve transplant 
tolerance

Tolerance can be categorized as either 
central or peripheral tolerance. Central tol­
erance refers to the intra-thymic deletion of 
alloreactive T-cells. In experimental studies, 
mixed chimerism has been shown to be an 
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example of central tolerance. Peripheral toler­
ance is mediated by a combination of mecha­
nisms, including deletion, anergy, ignorance, 
or regulation18. Strategies such as T-cell de­
pletion, co-stimulatory blockade and Treg im­
munotherapy attempt to achieve tolerance via 
peripheral tolerance mechanisms.

Mixed chimerism

Chimerism occurs when foreign (donor) 
hematopoietic cells are present in an indivi­
dual. Microchimerism occurs when represen­
tation of donor hematopoietic cells is < 1%, 
whereas macrochimerism occurs when donor 
cells constitute > 1% of host hematopoietic 
cells. Within macrochimerism, complete chi­
merism occurs when all hematopoietic cells 
are of donor origin (for example following 
myeloablation and transplantation of donor 
hematopoietic cells), whereas in mixed 
chimerism, donor cells constitute > 1% but 
< 100% of the total, which can occur following 
non-myeloablative host conditioning. 

Microchimerism occurs in some organ 
transplant recipients when donor hematopoi­
etic cells from the transplanted organ persist, 
typically at levels detectable only by polyme­
rase chain reaction19. Theoretically, microchi­
merism can result in modulation of the immu­
ne response to donor antigens. However, the 
significance of microchimerism in vivo remains 
unclear, as there does not appear to be any 
clear correlation with acceptance or rejection. 
In one study, only one-third of patients with 
long-term graft survival demonstrated micro­
chimerism20, whereas in others, microchime­
rism could still be detected in patients expe­
riencing allograft rejection21,22, with the level 
of chimerism fluctuating with time22.

Individuals who have complete chimer­
ism after myeloablative therapy and bone 
marrow transplantation subsequently accept 
solid organ allografts from the same donor23. 

However, the morbidity and mortality associ­
ated with complete myeloablation has pre­
cluded the clinical translation of protocols that 
lead to full chimerism. Mixed chimerism, how­
ever, is a more promising alternative as it is 
associated with a reduced susceptibility to 
graft-versus-host disease (GVHD)24, whilst 
maintaining improved immunocompetence25. 
Consequently, there has been an intense re­
search focus on strategies to augment mixed 
chimerism following transplantation.

To achieve tolerance, both the preexist­
ing mature donor-reactive T-cells and the de­
veloping donor-reactive T-cells need to be 
eliminated or inactivated in a sustained man­
ner. To achieve the former, experimental mod­
els of mixed chimerism utilize total body irra­
diation (TBI)26, cytotoxic drugs, T-cell-depleting 
antibodies27,28, or the induction of peripheral 
clonal deletion using co-stimulatory block­
ade29. Once peripheral donor-reactive T-cells 
are rendered ineffective, central tolerance in 
mixed-chimerism models is achieved by the 
following mechanism: donor stem cells en­
graft in the recipient’s bone marrow, giving 
rise to cells of multiple hematopoietic lineages 
including hematopoietic progenitor cells that 
seed the thymus. In the thymus, these cells 
can develop into specialized thymic dendritic 
cells30 that have the capacity to induce dele­
tion of antigen-specific T-cells (clonal deletion). 
Developing thymic T-cells reactive to antigens 
expressed on hematopoietic cells undergo 
negative selection. Consequently, in mixed 
chimerism, both host and donor hematopoi­
etic cells mediate intra-thymic deletion of host 
and donor reactive T-cells31. This renders the 
host tolerant to host and donor antigens, as 
long as the donor hematopoietic stem cells 
persist in the bone marrow. 

Early work demonstrated that mice 
reconstituted with a mixture of recipient and 
donor bone marrow after TBI, develop mixed 
chimerism and robust tolerance to donor skin 
grafts26. Subsequent studies aimed at reducing 
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the toxicity of the host conditioning demon­
strated similar results, using either depleting 
anti-CD4 and anti-CD8 monoclonal antibodies 
(MAb)27 or co-stimulatory blockade32 prior to a 
non-myeloablative dose of TBI. Immunocom­
petence is demonstrated by the fact that these 
mice are able to reject third-party grafts27, 
whereas protocols that induce full chimerism also 
induce a degree of immunoincompetence33. 
Interestingly, while mixed chimerism is often 
sustained indefinitely in mice using these pro­
tocols, in nonhuman primates (NHP), mixed 
chimerism is maintained for only a few weeks34 
and yet long-term graft survival is maintained. 

These promising animal results posed 
an interesting ethical dilemma that delayed its 
translation into human studies: namely, does 
the benefit of long-term immunosuppression-
free graft survival outweigh the risks of bone-
marrow ablative therapy in patients with end-
stage renal disease (ESRD) and normal bone 
marrow? This question remained unanswered 
until 1998, when a trial began in patients with 
renal failure due to myeloma, who therefore 
required both bone marrow and renal trans­
plants. Using a protocol developed in NHP, 
patients underwent thymic irradiation together 
with antithymocyte globulin (ATG), but with 
cyclophosphamide replacing TBI prior to sim­
ultaneous human leukocyte antigen (HLA)-
matched bone marrow and renal transplanta­
tion. So far, six such transplants have been 
performed, with all patients accepting their 
grafts long term35. Interestingly, three patients 
lost detectable chimerism but maintained 
graft function without immunosuppression or 
rejection episodes for up to seven years35. 
This approach has since been extended to 
five patients with ESRD but without bone mar­
row disease. The protocol employed was simi­
lar to the previous study, except ATG was 
replaced with anti-CD2 MAb, and bone mar­
row was from HLA single-haplotype mismat­
ched living-related donors36. All five patients 
developed transient microchimerism, with four 
recipients demonstrating excellent renal function 

for up to five years posttransplantation follow­
ing withdrawal of all immunosuppressive ther­
apy36. The mechanism responsible for such 
excellent results using this protocol remains 
unclear. In vitro testing of T-cells from the 
tolerant recipients showed donor-specific un­
responsiveness, which is consistent with a 
central deletion mechanism (as outlined ear­
lier), whereas allograft biopsies performed 
after withdrawal of immunosuppression had 
high levels of forkhead box protein 3 (Foxp3) 
messenger RNA, indicating a role of Treg cells 
in peripheral tolerance. Another important 
clinical aspect of this study is that it success­
fully employed HLA-mismatched bone mar­
row donors, without any evidence of GVHD. 
Unfortunately, one patient experienced acute 
humoral rejection on day 10 and subsequent­
ly underwent retransplantation using a con­
ventional regimen.

A similar ongoing trial reported persis­
tent mixed chimerism in one patient who re­
ceived combined renal transplantation and 
HLA-matched donor hematopoietic cells, fol­
lowing a conditioning regime of total lymphoid 
irradiation, ATG, and mycophenolate mofetil 
for one month posttransplantation37. Allograft 
function has been normal for more than two 
years since discontinuation of immunosuppres­
sion, with no episodes of rejection. Analysis 
of this patient’s T-cells after transplantation 
demonstrated that naive CD8+ T-cells repopu­
lated the periphery faster than naive CD4+ 
T-cells. This was thought to be due to periph­
eral expansion rather than thymic generation 
of new T-cells. Additional analysis indicated 
that donor lymphocytes present in the recipi­
ent were of thymic origin, suggesting a central 
deletion mechanism37. This study supports 
earlier work demonstrating that pretransplant 
total lymphoid irradiation can induce mixed 
chimerism and immune tolerance to cadav­
eric renal allografts38, whereas posttransplant 
total lymphoid irradiation produces transient 
microchimerism and acute rejection following 
withdrawal of immunosuppression39.
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Taken together, these studies show that 
protocols which induce mixed chimerism can 
lead to long-term donor-specific tolerance fol­
lowing renal transplantation. Although the me­
chanism remains incompletely understood, 
the potential therapeutic application of these 
approaches is enormous. 

Co-stimulatory blockade

After binding peptide presented by the 
major histocompatibility complex (MHC) of 
antigen presenting cells (APC), an effective 
T-cell response can only be generated if the 
T-cell receptor signal is accompanied by a 
second, co-stimulatory signal. Without this co-
stimulatory signal the T-cell becomes anergic. 
Consequently, there has been an intense re­
search effort to harness the therapeutic po­
tential of co-stimulatory blockade.

Naive T-cells constitutively express the 
co-stimulatory receptor CD28, which engages 
CD80 and CD86 proteins on APC, whereas ac­
tivated T-cells express CD154 (CD40 ligand), 
which interacts with CD40 on APC. Whereas 
CD28 augments T-cell function when bound 
simultaneously with the T-cell receptor, CTLA4 
(cytotoxic T lymphocyte antigen 4, a CD28 fam­
ily receptor) inhibits T-cell functioning. Although 
other co-stimulatory molecules have been iden­
tified, CD154 and CD28 MAb have been the 
most extensively studied in humans.

Early work demonstrated that simulta­
neous blockade of the B7-CD28 and CD40-
CD154 pathways produced long-term graft 
survival in rodents40, and CD154 blockade 
alone was shown to prevent renal allograft 
loss in rhesus monkeys41. However, subse­
quent follow-up studies found that only 50% 
of recipients in the former study experienced 
permanent engraftment42 and in the later stu­
dy repeated anti-CD154 was required to pre­
vent acute rejection43. Furthermore, a repeat 
of Kirk’s rhesus monkey study using older 

animals failed to produce permanent engraft­
ment, which was attributed in part to the pres­
ence of memory cells in the older host, as 
secondary immune responses are less ame­
nable to co-stimulatory blockade44. In addition 
to age-related memory cell disparity, environ­
mental exposure and intrinsic immune system 
differences contribute to the divergent out­
comes following co-stimulatory blockade in 
rodent and NHP models. For example, viral 
infection at the time of transplantation can 
activate toll-like receptors on T-cells, which 
renders alloreactive CD8+ T-cells resistant to 
co-stimulatory blockade-induced apoptosis45.

Anti-CD154 alone is clearly not suffi­
cient to induce tolerance. However, adminis­
tration of T-cell-replete bone marrow at the 
time of anti-CD154 co-stimulatory blockade 
leads to robust donor-specific tolerance in 
mice46, and to a lesser extent in NHP, as al­
though all eight NHP recipients demonstrated 
graft survival of up to five years following dis­
continuation of immunosuppression, three had 
late episodes of chronic rejection47.

Human trials utilizing CD154 blockade 
have been less encouraging. Acute rejection 
rates were unexpectedly high, and thrombot­
ic complications limited further use48. Thor­
ough pathologic analysis of seven NHP treat­
ed with anti-CD154 has revealed that two had 
thrombotic complications, suggesting that 
such complications may be intrinsically relat­
ed to anti-CD154 treatment rather than being 
a human-specific effect49. The CD154 is ex­
pressed on platelets and activated endothe­
lium, and has recently been found to play an 
essential role in stabilization of arterial throm­
bi50. Unless this intrinsic complication can be 
overcome, it is unlikely that anti-CD154 therapy 
will make the transition from bench to bedside.

The use of CTLA4-Ig on its own has failed 
to produce tolerance in murine and NHP mod­
els. This may be related to its lower affinity for 
CD86 than CD80. Consequently, by modifying 
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the CTLA4-binding domain with amino acid 
substitutions, affinity for CD80 and CD86 is 
increased twofold and fourfold, respectively40. 
This modified CTLA4-Ig (belatacept) produced 
significant prolongation of renal allograft sur­
vival in a NHP model40. However, in this model, 
belatacept cannot be viewed as tolerogenic, 
as maintenance therapy with mycophenolate 
and steroids was required. 

Similar to anti-CD154 treatment, CTLA4-
Ig alone does not appear to induce tolerance, 
but its low incidence of side effects makes it 
an attractive alternative to traditional mainte­
nance immunosuppression. Belatacept pro­
duces long-term survival of pancreatic islet 
cells when combined with sirolimus in a NHP 
model by preventing the priming of anti-donor 
T- and B-cell responses51. In contrast to the 
anti-CD154 experience, similar results have 
been found in humans: in a randomized trial 
powered to show lack of inferiority of belata­
cept versus cyclosporine, chronic administra­
tion of belatacept improved glomerular filtra­
tion rates and decreased chronic allograft 
nephropathy after 12 months, with similar inci­
dences of acute rejection when compared to 
cyclosporine-based maintenance therapy52.

Concerns have been raised regarding 
the safety of chronic immunoglobulin adminis­
tration. However, to date there appears to be no 
excess incidence of posttransplant lymphopro­
liferative disease52, and two large-scale phase 
III trials are underway to definitively establish the 
efficacy and safety of belatacept. Thus, belata­
cept currently appears to provide a promising 
alternative to traditional maintenance immuno­
suppressive therapy. It remains undetermined 
whether or not belatacept can ultimately be 
used to induce tolerance. A proof of concept 
trial by the Immune Tolerance Network aims to 
address this question by withdrawal of siroli­
mus after one year and belatacept after two 
years in living-related renal transplant recipi­
ents who have had no episodes of rejection 
and no evidence of antidonor alloreactivity52.

In summary, whether or not co-stimula­
tory blockade can induce tolerance remains 
unknown. To date, none of the studies have 
shown robustly that it does ultimately produce 
tolerance. It may, however, be useful as an 
alternative to conventional immunosuppres­
sive drugs, if their long-term side-effect profile 
is shown to be favorable.

Lymphocyte depletion

As many as one in 10 naive T-cells are 
able to recognize allogeneic MHC antigens. 
This results in a large alloreactive T-cell pool 
that is able to reject an organ on transplanta­
tion53. Theoretically, depletion of this pool of 
T-cells at the time of transplantation prevents 
rejection by preventing immune engagement 
at a time when “danger signals” are maximal. 
Instead, the encounter between the allograft 
and the alloreactive pool is delayed and oc­
curs within a more quiescent milieu. The theo­
retical basis for lymphocyte depletion is that 
this later encounter may shift the immune re­
sponse towards unresponsiveness rather than 
rejection18. 

Depletion strategies used clinically to­
day take the form of polyclonal preparations 
such as ATG, or MAb such as alemtuzumab 
(Campath-1H). Despite the profound deple­
tional effects of both these preparations, they 
unfortunately do not lead to long-term toler­
ance. Instead, they are used as induction 
agents at the time of transplantation to allow 
for lower doses of maintenance immunosup­
pression. 

Campath-1H is a powerful, depleting, 
humanized MAb that targets CD52, one of the 
most abundant proteins on the lymphocyte sur­
face54. Depletion of lymphocytes by Campath-
1H at the time of transplantation has been 
shown to induce a state in which patients are 
able to maintain stable transplant function with 
minimal immunosuppression55,56. Importantly, 
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some recipients could be weaned off immuno­
suppression and a state of donor-specific un­
responsiveness demonstrated57. The use of 
Campath-1H alone, however, at the time of 
kidney transplant has unfortunately been un­
successful and uniformly leads to acute rejec­
tion of the graft58. This phenomenon has been 
attributed to memory T-cells that are relatively 
resistant to depletion and prevalent at the time 
of rejection of the allograft59,60. 

Polyclonal ATG is produced from purify­
ing the IgG fraction of the serum of rabbits or 
horses that have been immunized with thymo­
cytes or T-cell lines. Rabbit ATG (thymoglobu­
lin) and horse ATG (lymphoglobulin) are the 
most widely used preparations61. As with Cam­
path-1H, rabbit ATG use in humans results in 
a profound depletion that facilitates lower dos­
es of maintenance immunosuppression to be 
used posttransplantation. Of the two agents, 
Campath-1H was found to be a more effective 
agent for induction56.

The effects of Campath-1H on Treg cells 
appears to be inconclusive, with some studies 
showing an increased ratio of Treg to T-effector 
cells62, and others showing a depletion of Treg 
cells59. Pearl, et al. also showed that rabbit 
ATG efficiently depleted Treg cells59.

Therefore, in summary, lymphocyte de­
pletion has allowed a reduction in mainte­
nance immunosuppression in renal transplant 
recipients, but has failed to lead to tolerance 
to the allograft. However, this strategy may be 
useful in combination with other strategies, 
such as Treg immunotherapy, to render a pa­
tient tolerant to his allograft.

Regulatory T-cell immunotherapy

The concept of the suppressor, or regu­
latory T-cell as it is now more commonly known, 
was initially conceived in the early 1970s when 
Gershon and Kondo found that a subset of 

T-cells were able to suppress the immune 
response and were distinct from T-cells that 
augmented and propagated an immune res­
ponse63. However, it has taken us more than 
30 years to establish their presence beyond 
reasonable doubt and to begin to attempt to 
translate their use into clinical practice. To­
day, it is well accepted that they play a crucial 
role in active regulation of the immune system 
to self antigens, thereby preventing autoim­
mune diseases64. This physiologic role of 
the Treg cells has now been exploited and 
manipulated in various experimental models 
to allow the host to be tolerant to alloantigens 
in the form of a transplanted organ. 

Subsets of regulatory T-cells

Two main types of Treg subsets have 
been delineated – the thymus-derived or natu­
ral Treg cells and the adaptive or induced Treg 
cells. Natural Treg cells are thymus-derived 
cells that are CD4+CD25+ and Foxp3+ also65. 
The forkhead transcription factor, Foxp3, was 
identified in 2003 as critical for Treg develop­
ment and function66,67. Foxp3 mutations occur 
spontaneously in Scurfy mice and humans 
suffering from IPEX (immune dysregulation, 
polyendocrinopathy, enteropathy, X-linked) 
syndrome. Both these disorders exhibit a lack 
of Treg cells and severe lymphoproliferation 
and autoimmune disorders68,69. This has pro­
ved a very useful marker in identifying Treg 
cells in mice. It has, unfortunately, proven less 
reliable in humans as it has recently been 
shown that human T-cells turn on Foxp3 upon 
activation65. This lack of exclusivity does not 
diminish the importance of Foxp3 in Treg biol­
ogy, but it does mean that this marker cannot 
be used reliably for identifying Treg cells in 
humans.

Adaptive Treg cells are generated in the 
periphery by conversion of CD4+CD25–FoxP3– 
T-cells into CD4+CD25+Foxp3+ Treg cells that 
also possess suppressive capabilities. The 
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generation of these cells can occur during an 
immune response to control that response and 
requires the correct conditions such as anti­
genic exposure in the presence of transform­
ing growth factor-β70 or interleukin-1071. There 
is therefore a dichotomy of roles, with natu­
rally occurring Treg cells potentially playing a 
more significant role in immune homeostasis 
and controlling autoimmunity, while adaptive 
Treg cells control and limit an ongoing immune 
response.

Experimental models of tolerance 
with regulatory T-cells

Numerous groups have shown that Treg 
cells are able to prolong graft survival in mu­
rine models of transplant tolerance. Our group 
has shown that CD4+CD25+ Treg cells gener­
ated by pretreating mice with a non-depleting 
anti-CD4 MAb plus a donor-specific transfu­
sion are able to suppress cardiac and skin-
graft rejection in an adoptive transfer mod­
el72,73. Several groups in 2002 showed that 
adoptive transfer of CD4+CD25+ Treg cells 
were able to prevent GVHD in mouse bone 
marrow transplantation models74-76. Battaglia, 
et al. and Gregori, et al. have also shown that 
Treg cells are able to prevent allogeneic islet-
cell transplant rejection in mice77,78. 

It has recently been appreciated that 
although Treg cells are able to prevent acute 
rejection and prolong graft survival long-term 
(to > 100 days), they may not be able to sup­
press chronic rejection. A interesting study by 
Joffre, et al. utilizing a combination protocol 
of hematopoietic chimerism as well as Treg 
cells in a murine model has been able to show 
that Treg cells that are able to recognize donor 
antigen via the direct pathway of allorecogni­
tion are able to effectively prevent acute rejec­
tion, but these grafts showed histologic dam­
age that correlates with chronic rejection. On 
the other hand, Treg cells that can recognize 
donor antigen via both the direct and indirect 

pathways are able to prevent both acute and 
chronic rejection of skin and heart transplants 
in mice. The grafts showed little or no histo­
logic damage after 100 days79.

Therefore, in this study, the induction of 
mixed chimerism allowed Treg cells specific for 
donor-type antigen to graft well in the recipi­
ents, and allowed not only the acceptance of 
skin and heart transplants in immunocompe­
tent mice, but also prevented chronic rejec­
tion, which has been a major hurdle in trans­
plantation. This is the closest we have come 
to a tolerant state while not generally immuno­
suppressing the mice. This regime also allows 
a realistic possibility of being translated to 
NHP in the first instance, and then into clinical 
trials.

Regulatory T-cells in clinical 
practice

To date, there is no published data on 
Treg cells and transplantation in humans. The 
first such clinical studies are currently in prog­
ress for the prevention of GVHD in bone mar­
row transplantation and rejection in solid or­
gan transplantation.

In order to harness the useful properties 
of Treg cells, however, a number of controver­
sial issues still need addressing. We have not 
yet identified a surface marker that identifies 
Treg cells in humans exclusively. The problem 
with Foxp3 is that it is an intracellular marker 
and is also expressed on activated T-cells in 
humans. It has been proposed that low levels 
of expression of CD127 may be a useful ad­
ditional marker, and this is proving a promis­
ing tool to identify Treg cells in addition to CD4 
and CD2565.

There is still controversy in the area of 
antigen-specificity of Treg cells as both anti­
gen-specific and polyclonal Treg cells have 
been shown to be capable of promoting 
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tolerance in experimental models. However, 
when translated into clinical practice, the use 
of Treg cells that are not antigen-specific could 
mean that should a patient develop a concur­
rent infection, the Treg cells will also suppress 
the immune response that is mounted against 
the infection. Will this result in unchecked in­
fectious and malignant complications in these 
patients? These questions are unanswered at 
present and careful analysis of patients treated 
with Treg cell therapy is required.

A further related issue is the applicabil­
ity of data from mouse studies on Treg cells to 
the translation of this approach to human clin­
ical practice. There already exist significant 
differences between in vivo and in vitro mouse 
Treg studies. So how do we translate this to the 
human setting? Perhaps, a more realistic step 
would be to carry out these experiments in 
humanized mouse models and NHP prior to 
translation into clinical practice.

Further issues that require clarification 
are whether Treg cells should be expanded in 
vivo or ex vivo? What number of cells should 
be used? How and when should they be ad­
ministered? How do we monitor the effect of 
the Treg cells in vivo? Do we need to include 
suicide genes into the Treg cells to prevent 
deleterious side effects?

In conclusion, Treg cells hold much pro­
mise in being able to mediate operational tol­
erance to transplants. They may, however, be 
insufficient to control the large numbers of 
effector T-cells that are able to recognize allo­
geneic MHC. Perhaps a combination of strat­
egies each using a different mechanism would 
be more feasible in achieving tolerance. An 
effective strategy that could control this over­
whelming allogeneic response is a combina­
tion of deletion and regulation. Depletion of 
effector T-cells at the time of transplantation 
with Campath or ATG along with the use of 
conventional immunosuppression may allow a 
window of opportunity in which Treg cells from 

the recipient can be expanded either in vivo 
or ex vivo and be used to control the subse­
quent immune response when the post-deple­
tional T-cells begin to recover.

Conclusion

It is clear that we have made significant 
advances in our quest to achieve tolerance to 
renal transplants in the last few years. More 
translational research in the form of clinical 
trials is currently underway, and these studies 
will further extend our knowledge in the near 
future.

The most promising tolerance-inducing 
strategies are mixed chimerism and Treg thera­
py. Co-stimulatory blockade and lymphocyte 
depletion, while not tolerogenic on their own, 
could also prove very useful as adjunctive 
treatments. The complexity and innate redun­
dancy of the human immune system means 
that multiple pathways need to be targeted. For 
this reason, an approach that involves a com­
bination of strategies is more likely to be suc­
cessful than one that involves a single strategy. 
Combining mixed chimerism and Treg therapy 
would allow both central and peripheral toler­
ance, and may allow mixed chimerism to be 
achieved with less intensive preconditioning. 
An alternative strategy would be to use lym­
phocyte depletion prior to Treg therapy. The 
lymphocyte depletion can be used to shift the 
effector to regulatory T-cell ratio to one that is 
more favorable to tolerance, and this could be 
followed by a Treg infusion that could maintain 
tolerance by controlling the effector T-cells that 
gradually repopulate the immune system.

Acknowledgements

Work from the authors’ own laboratory 
cited in the text was funded by the Wellcome 
Trust, Medical Research Council, Biotechnology 
and Biological Sciences Research Council, 



Parveen Dhaliwal, et al.: Is Tolerance in Renal Transplantation Possible?

127

Kidney Research UK and the European Union. 
Parveen Dhaliwal is funded by a Research 
Training Fellowship from the Wellcome Trust. 
Simon Janes is funded by a Research Train­
ing Fellowship from the Medical Research 
Council. Kathryn Wood holds a Royal Society 
Wolfson Research Merit Award.

References
	 1.	Owen RD. Immunogenetic consequences of vascular anas­

tomoses between bovine twins. Science. 1945;102:400-1.
	 2.	Owen RD, Wood HR, Foord AG, Sturgeon P, Baldwin LG. 

Evidence for actively acquired tolerance to Rh antigens. 
Proc Nat Acad Sci USA. 1954;40:420-4.

	 3.	Billingham RE, Brent L, Medawar PB. Actively acquired tol­
erance of foreign cells. Nature. 1953;172:603-6.

	 4.	Ashton-Chess J, Brouard S, Soulillou JP. Is clinical tolerance 
realistic in the next decade? Transpl Int. 2006;19:539-48.

	 5.	Takatsuki M, Uemoto S, Inomata Y, et al. Weaning of im­
munosuppression in living donor liver transplant recipients. 
Transplantation. 2001;72:449-54.

	 6.	Roussey-Kesler G, Giral M, Moreau A, et al. Clinical opera­
tional tolerance after kidney transplantation. Am J Trans­
plant. 2006;6:736-46. *See comment reference 7.

	 7.	Brouard S, Mansfield E, Braud C, et al. Identification of a 
peripheral blood transcriptional biomarker panel associated 
with operational renal allograft tolerance. Proc Nat Acad Sci 
USA. 2007;104:15448-53. *References 6-7 describe a sub-
set of renal transplant recipients that exhibit spontaneous 
operational tolerance and the clinical factors and gene sig-
nature that is associated with this state. 

	 8.	Halloran PF. Immunosuppressive drugs for kidney transplan­
tation. New Engl J Med. 2004;351:2715-29.

	 9.	Demirkiran A, Kok A, Kwekkeboom J, Metselaar HJ, Tilanus 
HW, van der Laan LJ. Decrease of CD4+CD25+ T-cells in 
peripheral blood after liver transplantation: association with 
immunosuppression. Transplant Proc. 2005;37:1194-6.

	 10.	Gao W, Lu Y, El Essawy B, Oukka M, Kuchroo VK, Strom 
TB. Contrasting effects of cyclosporine and rapamycin in de 
novo generation of alloantigen-specific regulatory T-cells. 
Am J Transplant. 2007;7:1722-32.

	 11.	Mazariegos GV, Sindhi R, Thomson AW, Marcos A. Clinical 
tolerance following liver transplantation: long-term results 
and future prospects. Transplant Immunol. 2007;17:114-9.

	 12.	Oike F, Yokoi A, Nishimura E, et al. Complete withdrawal of 
immunosuppression in living donor liver transplantation. 
Transplant Proc. 2002;34:1521.

	 13.	Brehm MA, Markees TG, Daniels KA, Greiner DL, Rossini 
AA, Welsh RM. Direct visualization of cross-reactive effector 
and memory allo-specific CD8 T-cells generated in response 
to viral infections. J Immunol. 2003;170:4077-86. *See com-
ment reference 14.

	 14.	Adams AB, Williams MA, Jones TR, et al. Heterologous im­
munity provides a potent barrier to transplantation tolerance. 
J Clin Invest. 2003;111:1887-95. *References 13-14 nicely 
illustrate the generation of alloreactive memory T-cells via 
cross-reactivity to viral antigens and that they inhibit toler-
ance induction.

	 15.	Wu Z, Bensinger SJ, Zhang J, Chen C, Yuan X, Huang X, et 
al. Homeostatic proliferation is a barrier to transplantation 
tolerance. Nat Med. 2004 Jan;10(1):87-92.

	 16.	Valujskikh A, Lakkis FG. In remembrance of things past: 
memory T-cells and transplant rejection. Immunol Rev. 
2003;196:65-74.

	 17.	London CA, Lodge MP, Abbas AK. Functional responses 
and co-stimulator dependence of memory CD4+ T-cells. J 
Immunol. 2000;164:265-72.

	 18.	Elster EA, Hale DA, Mannon RB, Cendales LC, Swanson SJ, 
Kirk AD. The road to tolerance: renal transplant tolerance 
induction in NHP studies and clinical trials. Transplant Im­
munol. 2004;13:87-99.

	 19.	Starzl TE, Demetris AJ, Murase N, Ildstad S, Ricordi C, 
Trucco M. Cell migration, chimerism, and graft acceptance. 
Lancet. 1992;339:1579-82.

	 20.	Suberbielle C, Caillat-Zucman S, Legendre C, et al. Periph­
eral microchimerism in long-term cadaveric-kidney allograft 
recipients. Lancet. 1994;343:1468-9.

	 21.	Schlitt HJ, Hundrieser J, Ringe B, Pichlmayr R. Donor-type 
microchimerism associated with graft rejection eight years 
after liver transplantation. New Engl J Med. 1994;330:646-7.

	 22.	Elwood ET, Larsen CP, Maurer DH, et al. Microchimerism 
and rejection in clinical transplantation. Lancet. 1997;349: 
1358-60.

	 23.	Dey B, Sykes M, Spitzer TR. Outcomes of recipients of both 
bone marrow and solid organ transplants. A review. Medi­
cine. 1998;77:355-69.

	 24.	 Ildstad ST, Wren SM, Bluestone JA, Barbieri SA, Stephany 
D, Sachs DH. Effect of selective T-cell depletion of host and/
or donor bone marrow on lymphopoietic repopulation, toler­
ance, and GVHD in mixed allogeneic chimeras (B10 + B10.
D2----B10). J Immunol. 1986;136:28-33.

	 25.	Singer A, Hathcock KS, Hodes RJ. Self recognition in allo­
geneic radiation bone marrow chimeras. A radiation-resis­
tant host element dictates the self specificity and immune 
response gene phenotype of T-helper cells. J Exp Med. 
1981;153:1286-301.

	 26.	 Ildstad ST, Sachs DH. Reconstitution with syngeneic plus 
allogeneic or xenogeneic bone marrow leads to specific 
acceptance of allografts or xenografts. Nature. 1984;307: 
168-70.

	 27.	Sharabi Y, Sachs DH. Mixed chimerism and permanent spe­
cific transplantation tolerance induced by a nonlethal pre­
parative regimen. J Exp Med. 1989;169:493-502.

	 28.	Pelot MR, Pearson DA, Swenson K, et al. Lymphohematopoi­
etic graft-vs.-host reactions can be induced without GVHD 
in murine mixed chimeras established with a cyclophosph­
amide-based nonmyeloablative conditioning regimen. Biol 
Blood Marrow Transplant. 1999;5:133-43.

	 29.	Wekerle T, Sayegh MH, Hill J, et al. Extrathymic T-cell dele­
tion and allogeneic stem cell engraftment induced with co-
stimulatory blockade is followed by central T-cell tolerance. 
J Exp Med. 1998;187:2037-44.

	 30.	Brocker T, Riedinger M, Karjalainen K. Targeted expression 
of MHC class II molecules demonstrates that dendritic cells 
can induce negative but not positive selection of thymocytes 
in vivo. J Exp Med. 1997;185:541-50.

	 31.	Tomita Y, Khan A, Sykes M. Role of intrathymic clonal 
deletion and peripheral anergy in transplantation tolerance 
induced by bone marrow transplantation in mice condi­
tioned with a nonmyeloablative regimen. J Immunol. 1994; 
153:1087-98.

	 32.	Wekerle T, Sayegh MH, Ito H, et al. Anti-CD154 or CTLA4Ig 
obviates the need for thymic irradiation in a non-myeloabla­
tive conditioning regimen for the induction of mixed he­
matopoietic chimerism and tolerance. Transplantation. 1999; 
68:1348-55.

	 33.	 Ildstad ST, Wren SM, Bluestone JA, Barbieri SA, Sachs DH. 
Characterization of mixed allogeneic chimeras. Immuno­
competence, in vitro reactivity, and genetic specificity of 
tolerance. J Exp Med. 1985;162:231-44.

	 34.	Kawai T, Cosimi AB, Colvin RB, et al. Mixed allogeneic 
chimerism and renal allograft tolerance in cynomolgus mon­
keys. Transplantation. 1995;59:256-62.

	 35.	Fudaba Y, Spitzer TR, Shaffer J, et al. Myeloma responses 
and tolerance following combined kidney and nonmyeloab­
lative marrow transplantation: in vivo and in vitro analyses. 
Am J Transplant. 2006;6:2121-33.

	 36.	Kawai T, Cosimi AB, Spitzer TR, et al. HLA-mismatched 
renal transplantation without maintenance immunosuppres­
sion. N Engl J Med. 2008;358:353-61. **See comment refer-
ence 36.

	 37.	Scandling JD, Busque S, Dejbakhsh-Jones S, et al. Toler­
ance and chimerism after renal and hematopoietic-cell 
transplantation. N Engl J Med. 2008;358:362-8. **Refer-
ences 35 and 36 describe two independent series of pa-
tients who developed tolerance to renal allografts after re-
ceiving simultaneous donor-type bone marrow transplants.

	 38.	Strober S, Dhillon M, Schubert M, et al. Acquired immune 
tolerance to cadaveric renal allografts. A study of three 



Trends in Transplantation 2008;2

128

patients treated with total lymphoid irradiation. New Engl J 
Med. 1989;321:28-33.

	 39.	Strober S, Lowsky RJ, Shizuru JA, Scandling JD, Millan MT. 
Approaches to transplantation tolerance in humans. Trans­
plantation. 2004;77:932-6.

	 40.	Larsen CP, Elwood ET, Alexander DZ, et al. Long-term accep­
tance of skin and cardiac allografts after blocking CD40 and 
CD28 pathways. Nature. 1996;381:434-8. *This study showed 
that simultaneous blockade of the CD28 and CD40 pathways 
aborts T-cell clonal expansion, which promotes long-term sur-
vival of fully allogeneic skin grafts, and inhibits chronic vascular 
rejection of primarily vascularized cardiac allografts.

	 41.	Kirk AD, Harlan DM, Armstrong NN, et al. CTLA4-Ig and 
anti-CD40 ligand prevent renal allograft rejection in pri­
mates. Proc Nat Acad Sci USA. 1997;94:8789-94.

	 42.	Li Y, Strom TB. Reply to failure of combined co-stimulatory 
blockade in animal transplant model. Nat Med. 2000;6:115.

	 43.	Kirk AD, Burkly LC, Batty DS, et al. Treatment with human­
ized MAb against CD154 prevents acute renal allograft re­
jection in NHP. Nat Med. 1999;5:686-93.

	 44.	Li Y, Li XC, Zheng XX, Wells AD, Turka LA, Strom TB. Block­
ing both signal 1 and signal 2 of T-cell activation prevents 
apoptosis of alloreactive T-cells and induction of peripheral 
allograft tolerance. Nat Med. 1999;5:1298-302.

	 45.	Thornley TB, Brehm MA, Markees TG, et al. TLR agonists 
abrogate co-stimulation blockade-induced prolongation of 
skin allografts. J Immunol. 2006;176:1561-70.

	 46.	Adams AB, Durham MM, Kean L, et al. Co-stimulation block­
ade, busulfan, and bone marrow promote titratable macro­
chimerism, induce transplantation tolerance, and correct 
genetic hemoglobinopathies with minimal myelosuppres­
sion. J Immunol. 2001;167:1103-11.

	 47.	Kawai T, Sogawa H, Boskovic S, et al. CD154 blockade for 
induction of mixed chimerism and prolonged renal allograft 
survival in NHP. Am J Transplant. 2004;4:1391-8.

	 48.	Knechtle SJ, Hamawy MM, Hu H, Fechner JH, Cho CS. 
Tolerance and near-tolerance strategies in monkeys and 
their application to human renal transplantation. Immunol 
Rev. 2001;183:205-13.

	 49.	Kanmaz T, Fechner JJ, Torrealba J, et al. Monotherapy with 
the novel human anti-CD154 monoclonal antibody ABI793 
in rhesus monkey renal transplantation model. Transplanta­
tion. 2004;77:914-20.

	 50.	Andre P, Prasad KS, Denis CV, et al. CD40L stabilizes arte­
rial thrombi by a beta3 integrin-dependent mechanism. Nat 
Med. 2002;8:247-52.

	 51.	Adams AB, Shirasugi N, Durham MM, et al. Calcineurin in­
hibitor-free CD28 blockade-based protocol protects alloge­
neic islets in NHP. Diabetes. 2002;51:265-70.

	 52.	Vincenti F. Co-stimulation blockade–what will the future 
bring? Nephrol Dial Transplant. 2007;22:1293-6.

	 53.	Wells AD, Li XC, Strom TB, Turka LA. The role of peripheral 
T-cell deletion in transplantation tolerance. Philos Trans R 
Soc London. 2001;356:617-23.

	 54.	Hale G, Dyer MJ, Clark MR, et al. Remission induction in 
non-Hodgkin lymphoma with reshaped human MAb Cam­
path-1H. Lancet. 1988;2:1394-9.

	 55.	Calne R, Moffatt SD, Friend PJ, et al. Campath IH allows 
low-dose cyclosporine monotherapy in 31 cadaveric renal 
allograft recipients. Transplantation. 1999;68:1613-6.

	 56.	Shapiro R, Basu A, Tan H, et al. Kidney transplantation 
under minimal immunosuppression after pretransplant lym­
phoid depletion with thymoglobulin or Campath. J Am Coll 
Surg. 2005;200:505-15; quiz A59-61.

	 57.	Bloom DD, Hu H, Fechner JH, Knechtle SJ. T-lymphocyte 
alloresponses of Campath-1H-treated kidney transplant pa­
tients. Transplantation. 2006;81:81-7.

	 58.	Kirk AD, Hale DA, Mannon RB, et al. Results from a human 
renal allograft tolerance trial evaluating the humanized 
CD52-specific MAb alemtuzumab (Campath-1H). Trans­
plantation. 2003;76:120-9.

	 59.	Pearl JP, Parris J, Hale DA, et al. Immunocompetent T-cells 
with a memory-like phenotype are the dominant cell type 
following antibody-mediated T-cell depletion. Am J Trans­
plant. 2005;5:465-74.

	 60.	Trzonkowski P, Zilvetti M, Friend P, Wood KJ. Recipient mem­
ory-like lymphocytes remain unresponsive to graft antigens 

after Campath-1H induction with reduced maintenance im­
munosuppression. Transplantation. 2006;82:1342-51.

	 61.	Mohty M. Mechanisms of action of antithymocyte globulin: 
T-cell depletion and beyond. Leukemia. 2007;21:1387-94.

	 62.	Bloom DD, Chang Z, Fechner JH, et al. CD4+CD25+FoxP3+ 
regulatory T cells increase de novo in kidney transplant 
patients after immunodepletion with Campath-1H. Am J 
Transplant. 2008;8:793-802.

	 63.	Gershon RK, Kondo K. Infectious immunological tolerance. 
Immunology. 1971;21:903-14.

	 64.	Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M. Im­
munologic self-tolerance maintained by activated T-cells 
expressing IL-2 receptor alpha-chains (CD25). Breakdown 
of a single mechanism of self-tolerance causes various au­
toimmune diseases. J Immunol. 1995;155:1151-64. *This 
paper shows the importance of naturally occurring Treg in the 
maintenance of self tolerance.

	 65.	Kang SM, Tang Q, Bluestone JA. CD4+CD25+ regulatory 
T-cells in transplantation: progress, challenges and pros­
pects. Am J Transplant. 2007;7:1457-63.

	 66.	Hori S, Nomura T, Sakaguchi S. Control of regulatory T-cell 
development by the transcription factor Foxp3. Science. 
2003;299:1057-61.

	 67.	Fontenot JD, Gavin MA, Rudensky AY. FoxP3 programs the 
development and function of CD4+CD25+ regulatory T-cells. 
Nat Immunol. 2003;4:330-6.

	 68.	Brunkow ME, Jeffery EW, Hjerrild KA, et al. Disruption of a 
new forkhead/winged-helix protein, scurfin, results in the 
fatal lymphoproliferative disorder of the scurfy mouse. Nat 
Genet. 2001;27:68-73.

	 69.	Bennett CL, Christie J, Ramsdell F, et al. The immune dys­
regulation, polyendocrinopathy, enteropathy, X-linked syn­
drome (IPEX) is caused by mutations of Foxp3. Nat Genet. 
2001;27:20-1.

	 70.	Fu S, Zhang N, Yopp AC, et al. TGFβ induces Foxp3+ Treg 
cells from CD4+CD25– precursors. Am J Transplant. 2004;4: 
1614-27.

	 71.	Roncarolo MG, Gregori S, Battaglia M, Bacchetta R, Fleis­
chhauer K, Levings MK. Interleukin-10-secreting type 1 re­
gulatory T-cells in rodents and humans. Immunol Rev. 2006; 
212:28-50.

	 72.	Saitovitch D, Bushell A, Mabbs DW, Morris PJ, Wood KJ. 
Kinetics of induction of transplantation tolerance with a 
nondepleting anti-Cd4 MAb and donor-specific transfu­
sion before transplantation. A critical period of time is 
required for development of immunological unresponsive­
ness. Transplantation. 1996;61:1642-7. *See comment 
reference 72.

	 73.	Kingsley CI, Karim M, Bushell AR, Wood KJ. CD25+CD4+ 
regulatory T cells prevent graft rejection: CTLA-4 and IL-10-
dependent immunoregulation of alloresponses. J Immunol. 
2002;168:1080-6. *References 71-72 show that Treg cells are 
capable of suppressing allograft rejection.

	 74.	Cohen JL, Trenado A, Vasey D, Klatzmann D, Salomon BL. 
CD4+CD25+ immunoregulatory T-cells: new therapeutics for 
GVHD. J Exp Med. 2002;196:401-6.

	 75.	Hoffmann P, Ermann J, Edinger M, Fathman CG, Strober S. 
Donor-type CD4+CD25+ regulatory T cells suppress lethal 
acute GVHD after allogeneic bone marrow transplantation. 
J Exp Med. 2002;196:389-99.

	 76.	Taylor PA, Lees CJ, Blazar BR. The infusion of ex vivo acti­
vated and expanded CD4+CD25+ immune regulatory cells 
inhibits GVHD lethality. Blood. 2002;99:3493-9.

	 77.	Battaglia M, Stabilini A, Draghici E, et al. Rapamycin and 
IL-10 treatment induces Treg type 1 cells that mediate an­
tigen-specific transplantation tolerance. Diabetes. 2006; 
55:40-9.

	 78.	Gregori S, Casorati M, Amuchastegui S, Smiroldo S, Daval­
li AM, Adorini L. Regulatory T cells induced by 1 alpha,25-
dihydroxyvitamin D3 and MMF treatment mediate transplan­
tation tolerance. J Immunol. 2001;167:1945-53.

	 79.	 Joffre O, Santolaria T, Calise D, et al. Prevention of acute 
and chronic allograft rejection with CD4+CD25+FoxP3+ reg­
ulatory T lymphocytes. Nat Med. 2008;14:88-92. **This pa-
per elegantly illustrates that a combination of hematopoietic 
chimerism and Treg therapy is capable of suppressing both 
acute and chronic rejection.




