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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 donorspecific 
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 longterm acceptance of a trans
plant in the absence of any immunosuppres
sive drugs in an immunocompetent host, with 
the transplant displaying normal histologic 
cha racteristics 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 thirdparty 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 
work ing 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, highdose 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 
longterm 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 longterm 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 sideeffect profile. Among the most se
vere side effects are infections, malignancy, 
ne phrotoxicity, hypertension, and diabetes 
me llitus8. 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 re gulatory Tcells 
(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 longterm 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 pathogenfree 
rodents and nonhuman primates, which lack a 
large pool of memory Tcells 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 Tcell 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 Tcells. These cells are 
generated pretransplant in sensitised individ
uals due to previous transplants, blood trans
fusions or pregnancies, and in nonsensitised 
individuals as a result of crossreactivity with 
viral antigens (heterologous immunity)13,14 or 
via homeostatic proliferation15. Memory Tcells 
also contribute to late graft loss as memory 
Tcells that develop after a rejection episode 
are refractory to current drug therapy16. Fur
thermore, memory Tcells have different co
stimulatory requirements than naive Tcells17, 
and therefore strategies that target the classical 
CD28B7 or CD40CD154 costimulatory 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 intrathymic deletion of 
alloreactive Tcells. In experimental studies, 
mi xed 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 Tcell de
pletion, costimulatory 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 
chimer ism, donor cells constitute > 1% but 
< 100% of the total, which can occur following 
nonmyeloablative 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 re jection. 
In one study, only onethird of patients with 
longterm graft survival demonstrated micro
chimerism20, whereas in others, microchime
rism could still be detected in pa tients 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 
graftversushost 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 donorreactive Tcells and the de
veloping donorreactive Tcells 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, Tcelldepleting 
antibodies27,28, or the induction of peripheral 
clonal deletion using costimulatory block
ade29. Once peripheral donorreactive Tcells 
are rendered ineffective, central tolerance in 
mixedchimerism 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 antigenspecific Tcells (clonal deletion). 
Developing thymic Tcells reactive to antigens 
expressed on hematopoietic cells un dergo 
negative selection. Consequently, in mi xed 
chimerism, both host and donor hematopoi
etic cells mediate intrathymic deletion of host 
and donor reactive Tcells31. 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 
antiCD4 and antiCD8 monoclonal an tibodies 
(MAb)27 or costimulatory blockade32 prior to a 
nonmyeloablative dose of TBI. Immunocom
petence is demonstrated by the fact that these 
mice are able to reject thirdparty grafts27, 
whereas protocols that induce full chimerism also 
induce a degree of immunoincompeten ce33. 
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 longterm 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 longterm 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 antiCD2 MAb, and bone mar
row was from HLA singlehaplotype mismat
ched livingrelated 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 Tcells from the 
tolerant recipients showed donorspecific 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 
clin ical aspect of this study is that it success
fully employed HLAmismatched 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 
HLAmatched 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 Tcells after transplantation 
demonstrated that naive CD8+ Tcells repopu
lated the periphery faster than naive CD4+ 
Tcells. This was thought to be due to periph
eral expansion rather than thymic generation 
of new Tcells. 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 longterm donorspecific 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 
Tcell response can only be generated if the 
Tcell receptor signal is accompanied by a 
se cond, costimulatory signal. Without this co
stimulatory signal the Tcell becomes anergic. 
Consequently, there has been an intense re
search effort to harness the therapeutic po
tential of costimulatory blockade.

Naive Tcells constitutively express the 
costimulatory receptor CD28, which engages 
CD80 and CD86 proteins on APC, whereas ac
tivated Tcells express CD154 (CD40 ligand), 
which interacts with CD40 on APC. Whereas 
CD28 augments Tcell function when bound 
sim ultaneously with the Tcell receptor, CTLA4 
(cytotoxic T lymphocyte antigen 4, a CD28 fam
ily receptor) inhibits Tcell functioning. Although 
other costimulatory 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 B7CD28 and CD40
CD154 pathways produced longterm graft 
sur vival in rodents40, and CD154 blockade 
alone was shown to prevent renal allograft 
loss in rhesus monkeys41. However, subse
quent followup studies found that only 50% 
of recipients in the former study experienced 
permanent engraftment42 and in the later stu
dy repeated antiCD154 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 costimulatory blockade44. In addition 
to agerelated memory cell disparity, environ
mental exposure and intrinsic immune system 
differences contribute to the divergent out
comes following costimulatory blockade in 
rodent and NHP models. For example, viral 
infection at the time of transplantation can 
activate tolllike receptors on Tcells, which 
ren ders alloreactive CD8+ Tcells resistant to 
costimulatory blockadeinduced apoptosis45.

AntiCD154 alone is clearly not suffi
cient to induce tolerance. However, adminis
tration of Tcellreplete bone marrow at the 
time of antiCD154 costimulatory blockade 
leads to robust donorspecific 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 antiCD154 has revealed that two had 
thrombotic complications, suggesting that 
such com plications may be intrinsically relat
ed to antiCD154 treatment rather than being 
a humanspecific 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 antiCD154 therapy 
will make the transition from bench to bedside.

The use of CTLA4Ig 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 CTLA4binding domain with amino acid 
substitutions, affinity for CD80 and CD86 is 
increased twofold and fourfold, respectively40. 
This modified CTLA4Ig (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 antiCD154 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 longterm survival of pancreatic islet 
cells when combined with sirolimus in a NHP 
model by preventing the priming of antidonor 
T and Bcell responses51. In contrast to the 
antiCD154 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 
ne phropathy after 12 months, with similar inci
dences of acute rejection when compared to 
cyclosporinebased 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 largesca le 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 livingrelated renal transplant recipi
ents who have had no episodes of rejection 
and no evidence of antidonor alloreactivity52.

In summary, whether or not costimula
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 
al ternative to conventional immunosuppres 
sive drugs, if their longterm sideeffect profile 
is shown to be favorable.

Lymphocyte depletion

As many as one in 10 naive Tcells are 
able to recognize allogeneic MHC antigens. 
This results in a large alloreactive Tcell pool 
that is able to reject an organ on transplanta
tion53. Theoretically, depletion of this pool of 
Tcells 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 
(Campath1H). Despite the profound deple
tional effects of both these preparations, they 
unfortunately do not lead to longterm toler
ance. Instead, they are used as induction 
agents at the time of transplantation to allow 
for lower doses of maintenance immunosup
pression. 

Campath1H is a powerful, depleting, 
hu ma nized MAb that targets CD52, one of the 
most abundant proteins on the lymphocyte sur
fa ce54. 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 func tion with 
minimal immunosuppression55,56. Im portantly, 
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some recipients could be weaned off immuno
suppression and a state of donorspe cific un
responsiveness demonstrated57. The use of 
Cam path1H alone, however, at the time of 
kid ney transplant has unfortunately been un
successful and uniformly leads to acute rejec
tion of the graft58. This phenomenon has been 
attri bu ted to memory Tcells that are relatively 
resistant to depletion and prevalent at the time 
of rejection of the allo graft59,60. 

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 Tcell lines. Rabbit ATG (thymoglobu
lin) and horse ATG (lymphoglobulin) are the 
most widely used preparations61. As with Cam
path1H, 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, 
Campath1H was found to be a more effective 
agent for induction56.

The effects of Campath1H on Treg cells 
appears to be inconclusive, with some studies 
showing an increased ratio of Treg to Teffector 
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 Tcell as it is now more commonly known, 
was initially conceived in the early 1970s when 
Gershon and Kondo found that a subset of 

Tcells were able to suppress the immune 
response and were distinct from Tcells that 
augmented and propagated an immune res
pon se63. 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
mu ne 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 thymusderived or natu
ral Treg cells and the adaptive or induced Treg 
cells. Natural Treg cells are thymusderived 
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 
suffer ing from IPEX (immune dysregulation, 
polyendocrinopathy, enteropathy, Xlinked) 
syn drome. 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 Tcells 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– 
Tcells into CD4+CD25+Foxp3+ Treg cells that 
also possess suppressive capabilities. The 
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ge neration of these cells can occur during an 
immu ne response to control that response and 
requires the correct conditions such as an ti
genic exposure in the presence of transform
ing growth factorβ70 or interleukin1071. 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 nondepleting 
antiCD4 MAb plus a donorspecific 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 models7476. 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 longterm 
(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 
donortype 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 Tcells 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 
antigenspecificity of Treg cells as both anti
genspecific 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 antigenspecific 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 Tcells 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 Tcells 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 postdeple
tional Tcells 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 toleranceinducing 
strategies are mixed chimerism and Treg thera
py. Costimulatory 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 pre conditioning. 
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 Tcell 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 Tcells that 
gradually repopulate the immune system.
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