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Transplantation Tolerance

Kenneth A. Newell, MD, PhD, and Christian P. Larsen, MD, DPhil

Summary: Tolerance following organ transplantation was first described in experimental
models over 50 years ago. Reports of tolerance in clinical transplantation have appeared in the
literature sporadically for decades. Despite this long-standing fascination with transplantation
tolerance, the ability to reproducibly induce tolerance in humans undergoing organ trans-
plantation has remained elusive. Recent advances in our knowledge of the mechanisms that
contribute to the induction and maintenance of tolerance as well as those factors that oppose
tolerance may allow the design of clinical trials aimed at introducing tolerance-inducing
strategies into clinical transplantation.
Semin Nephrol 27:487-497 © 2007 Elsevier Inc. All rights reserved.
Keywords: T cells, alloreactivity, regulation, deletion, immune monitoring
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lthough the work of work of Billingham
et al1 often is cited as providing the con-
ceptual basis for tolerance, it should be

oted that these experiments arose in large part
rom the earlier work of Owen,2 who showed
hat the exchange of blood cells that occurred
n utero in dizygotic cattle twins resulted in a
tate of persistent hematopoietic chimerism in
ach twin. Although Medawar et al first pro-
osed using skin grafting as a means of distin-
uishing between monozygotic and dizygotic
attle twins, their repeated observation that
izygotic freemartin cattle accepted skin grafts
rom their dizygotic twin caused them to refor-
ulate their hypothesis to postulate that the

xchange of fetal blood in utero would pro-
ote tolerance to transplanted tissues in adult

attle. This hypothesis was directly tested in
heir seminal experiments in mice.

Briefly, a crude cell/tissue mixture from an
llogeneic adult mouse was injected into 6 fe-
uses borne by a CBA female. Five healthy pups
ere born and 8 weeks later each underwent

kin grafting with skin from the same allogeneic
ouse strain used for the cell inoculation. Two
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f the 5 skin allografts were destroyed promptly
likely acutely rejected), 1 underwent a pro-
onged involution (likely chronic rejection),
owever, the final 2 allografts appeared per-
ectly healthy for 77 and 101 days. At this time,
hese 2 mice were challenged by implanting
ragments of lymph nodes from mice immu-
ized with donor antigen. This lead to the acute
ejection of the 2 long-term surviving skin allo-
rafts. Attempts to reproduce this effect by in-
culating neonatal mice with various tissues
rom mice of different strains were largely un-
uccessful, with only 9 of 96 mice experiencing
rolonged skin graft survival. Perhaps because
f an incomplete appreciation of the details of
hese experiments, many in the field of trans-
lantation took these results to indicate that a
rief intervention before transplantation funda-
entally could reset the immune system to pro-
ote the routine and nearly indefinite survival

f organ allografts. However, as pointed out by
illingham et al,1 the effect of this treatment
as a continuum, with prolonged graft surviv-

ls ranging from a few days to indefinitely. Sec-
nd, the regimen was largely ineffective in neo-
atal and adult mice and was consistently
vercome by memory cells resulting from pre-
ious exposure to donor antigens.

The first functionally tolerant human trans-
lant recipients were reported in 1975.3 The
erm functional tolerance is used to distinguish

he persistence of normal allograft function in
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488 K.A. Newell and C.P. Larsen
he absence of immunosuppression in human
eings from the more rigorous definition of
olerance used in experimental transplantation.
n this series 6 patients who had been off im-
unosuppression for an average of 27 months
ere reported. Interestingly, only 2 rejections
ere noted. Owens et al went so far as to
ropose that in the absence of rejection, seri-
us consideration should be given to not resum-

ng immunosuppression. Similar to a subse-
uent report,4 rejection, when it did occur,
ften was delayed for weeks or months. This
roup observed that the successful cessation of
mmunosuppression was more likely in the set-
ing of human leukocyte antigen identical trans-
lantation as identified by serotyping and
ixed lymphocyte culture; the first use of an

mmunologic assay to predict tolerance.
Perhaps in response to the rarity of sponta-

eous tolerance and the limited effectiveness of
vailable immunosuppressive agents and their
oxicities, investigators began to explore strat-
gies aimed at inducing tolerance in adults after
ransplantation. As early as 1955 Main and
rehn5 created a state of full hematopoietic
himerism by injecting bone marrow into le-
hally irradiated allogeneic mice. To avoid some
f the defects in protective immunity associ-
ted with the state of full hematopoietic chi-
erism, Ildstad and Sachs6 devised an experi-
ental strategy that resulted in a state of mixed
ematopoietic chimerism in which both donor
nd recipient hematopoietic cells persisted
ong term. These mice displayed tolerance to
onor-strain skin grafts. However, concerns
bout the toxicity associated with the condi-
ioning regimens necessary to attain a state of
table hematopoietic chimerism has limited the
nthusiasm for the routine clinical application
f these approaches.

The next major advance toward achieving
olerance was based on the observation that
ignals resulting from engagement of the T-cell
eceptor alone were insufficient to promote
omplete activation of T lymphocytes. The ad-
itional or costimulatory signals necessary for
ull activation subsequently were shown to re-
ult from the engagement of receptors on T
ells by their ligands, expressed largely by pro-

essional antigen-presenting cells. Two of the m
ost widely studied costimulatory pathways
nd among the first described were the
D28/B7 (CD80 and CD86) and CD154/CD40
athways. For a recent in-depth review of the
ver-expanding known costimulatory pathways
ee Clarkson and Sayegh.7 In 1992 it was re-
orted that as a single intervention the short-
erm blockade of the CD28/B7 costimulatory
athway using cytolytic T lymphocyte-associ-
ted antigen immunoglobulin (CTLA4Ig) pro-
onged the survival of transplanted xenogeneic
slets in mice and allogeneic hearts in rats.8,9

ubsequently, it was reported that although
lockade of either the CD28/B7 or CD154/
D40 pathways alone prolonged survival of
eart allografts in mice, brief treatment with a
ombination of agents that blocked these 2
athways prevented acute rejection and re-
ulted in long-term allograft survival.10 Al-
hough allografts from treated mice subse-
uently were shown to develop progressive
amage suggestive of a chronic immunologic

njury, combined costimulation blockade was
iewed as the most immediate and feasible ap-
roach toward attaining tolerance to trans-
lanted organs clinically.

RANSLATION TO
RANSPLANTATION
OLERANCE IN HUMAN BEINGS:
ONHUMAN PRIMATE STUDIES

ncreasingly when possible the development of
ew therapeutic strategies in human beings is
redicated on safety and efficacy data in pre-
linical models. Consequently, over the past
ecade many strategies aimed at inducing toler-
nce to transplanted organs and tissues have
een investigated using nonhuman primate
NHP) models. Despite the promise and initial
ptimism surrounding numerous methods of

nducing tolerance in rodent transplant models,
ubsequent experience has shown the sobering
eality of how difficult it is to routinely induce
olerance in preclinical models and in clinical
ransplantation. Four major strategies for induc-
ng transplantation tolerance have been investi-
ated in-depth in NHP models including (1)
lockade of costimulatory pathways, (2) bone

arrow infusion/mixed chimerism, (3) pro-



f
t

T
C

O
m
p
t
f
s
a
o
m
t
m
p
s
t
w
C
c
w
i
o
a
t

a
b
n
p
I
f
p
m
o
r
w
C
h
c
N
B
p
c
i
u
a
o

c
n
o

M
I

A
o
o
c
a
a
s
m
r
b
a
c
r
a
i
a
b
N
t
e
p
c
o
t

I
D

T
s
n
f
p
m
p
s
w
p
i
a
h
s
r
m

Transplantation tolerance 489
ound T-cell depletion, and (4) induction or
ransfer of regulatory T cells.

olerance Induction by Blockade of
ostimulatory Molecules

f those approaches targeting costimulatory
olecules, only the CD28/B7 and CD154/CD40
athways have been studied in-depth in NHP
ransplant models. Several antibodies specific
or CD154 have been shown to prolong the
urvival of renal, heart, and islet allografts when
dministered as monotherapy, although none
f these agents alone prevented the develop-
ent of alloantibodies or created a state of

olerance.11 Extension of these studies to hu-
an beings was halted because of the unex-
ected problem of thrombosis. Additional
tudies in NHP models confirmed the pro-
hrombotic effects of anti-CD154 antibodies,
hich likely is a result of the expression of
D154 by platelets. In an attempt to avoid this
omplication, approaches to blocking CD40,
hich is not expressed by platelets, have been

nvestigated and shown to prolong the survival
f islet and kidney allografts in NHPs, although
gain virtually all recipients experienced rejec-
ion.12

In addition to CTLA4Ig antibodies to B7.1
nd B7.2 (CD80 and CD86) have been used to
lock the CD28/B7 pathway in NHPs. Simulta-
eous treatment with anti-B7.1 and anti-B7.2
rolonged renal allograft survival in NHPs.13

mportantly, blockade of either pathway alone
ailed to affect allograft survival. This may ex-
lain the limited protective effect of CTLA4Ig
onotherapy initially observed in a NHP model

f renal transplantation because CTLA4Ig has a
elatively low affinity for CD86.14 Consistent
ith this possibility, LEA29Y, a mutated form of
TLA4Ig with a 10-fold higher affinity for CD86,
as been shown to inhibit rejection signifi-
antly when administered as monotherapy in
HP models of islet and renal transplantation.14

ased on the synergy observed in rodent trans-
lant models when blockade of CD154 was
ombined with the blockade of CD28, studies
n NHP transplant models have been performed
sing CTLA4Ig or anti-CD86 and anti-CD154 or
nti-CD40. The most promising results were

btained using either anti-CD86 or LEA29Y in n
ombination with anti-CD40,12 although again
either approach was associated with tolerance
r prolonged drug-free survival.

ixed Chimerism as a Means of
nducing Tolerance

s discussed earlier, in rodents various methods
f recipient conditioning allow the engraftment
f infused bone marrow cells, which in turn
reates stable mixed hematopoietic chimerism
nd a state of donor-specific tolerance to organ
llografts. Based on this powerful effect similar
tudies have been performed in NHP transplant
odels with interesting results. Similar to the

esults of the rodent studies, this strategy has
een associated with the long-term, drug-free
cceptance of renal allografts and donor-spe-
ific skin allograft acceptance in some NHP
ecipients.15 However, this phenomenon was
ssociated with only transient chimerism, rais-
ng questions about the mechanism of toler-
nce in this system. Also, chronic rejection has
een reported in a heart transplant model in
HPs treated with this regimen, raising ques-

ions about the duration and robustness of tol-
rance induced by this approach.16 Because of
ersistent concerns about the toxicities of early
onditioning regimens, much work has focused
n developing less-toxic conditioning regimens
o make this therapy more clinically applicable.

nduction of Tolerance by T Cell
epletion

he magnitude of the alloimmune T-cell re-
ponse is several log-fold greater than that to
ominal antigens. From this standpoint, pro-
ound depletion of T cells is conceptually ap-
ealing as a means to prevent the early alloim-
une injury of transplanted organs. It has been
ostulated that T cells re-emerging in the ab-
ence of the intense inflammation associated
ith ischemia/reperfusion injury and in the
resence of donor antigen may be less likely to

njure a transplanted organ. The most effective
pproach to profoundly deplete T cells in NHPs
as been treatment with a monoclonal antibody
pecific for CD3 coupled to a modified diphthe-
ia toxin. Used as monotherapy, anti-CD3/im-
unotoxin results in prolonged survival of re-
al allografts in a significant percentage of
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490 K.A. Newell and C.P. Larsen
ecipients.17 Despite the therapeutic appeal of
his approach most recipients treated with this
gent develop chronic rejection and eventually
ose the allograft.18 Unfortunately, because of
he poor binding of alemtuzimab and many of
he antibodies that comprise Thymoglobulin
Genzyme Corporation, Cambridge, MA) to
HP T cells, the effect of profound T-cell de-
letion mediated by these agents has not been
xplored in NHPs.

egulatory Cells as a Means of
romoting Tolerance

doptive transfer of various populations of reg-
latory cells has been shown to induce toler-
nce effectively in a number of rodent models
f autoimmunity and transplantation. In large
art because of technical limitations, the adop-
ive transfer of regulatory T cells as a means to
nhibit rejection or induce transplantation tol-
rance in NHPs has only begun to be investi-
ated. The report that allografts surviving
ong term after the cessation of various forms
f immunosuppression were infiltrated by
D4�transforming growth factor (TGF)-�1�

egulatory cells suggests that regulation may be
n important and common mechanism respon-
ible for allograft acceptance.19 The recent
emonstration that recipient T cells expanded

n vitro by culture with apoptotic donor spleno-
ytes under conditions of CD80 and CD86
lockade become anergic and when transferred

nto NHPs induced a state of donor-specific
olerance after renal transplantation in a subset
f recipients illustrates the importance of regu-

atory cells as agents to promote transplantation
olerance.20

OLERANCE STUDIES IN HUMAN BEINGS

imilar to studies in NHPs, it has proven frus-
ratingly difficult to induce transplant tolerance
n human beings. However, a number of iso-
ated reports have documented the spontane-
us occurrence of tolerance in human beings
fter transplantation. A review of the PubMed
ata base identified approximately 30 tolerant
idney transplant recipients reported in the lit-
rature worldwide, suggesting that spontane-

us tolerance after kidney transplantation is i
xceedingly rare. In contrast, single-center re-
orts suggest that approximately 20% of se-

ected liver transplant recipients eventually may
e weaned completely from immunosuppres-
ion, albeit with an approximately equal risk of
eveloping acute rejection.21 The largest single
ohort of tolerant kidney transplant recipients
eported included 10 patients who displayed
pontaneous tolerance.22 Interestingly, 9 of
hese 10 patients received kidneys from de-
eased donors, 7 were treated with calcineurin
nhibitors, and 5 experienced at least 1 episode
f acute rejection. The mean duration to com-
lete drug withdrawal was 7.8 years, with a
ean duration of tolerance when studied of 9.4

ears. Phenotypic comparisons between pe-
ipheral blood mononuclear cell from a subset
f these tolerant patients and patients receiving

mmunosuppression who had stable function
r with healthy volunteers showed no signifi-
ant differences.23,24 However, in the periph-
ral blood of immunosuppressed patients with
hronic allograft nephropathy, the frequency of
D4�CD25� regulatory-type cells was de-
reased and the frequency of CD8�CD28� ef-
ector-type cells increased relative to tolerant
atients. To address the possibility that tolerant
atients are globally immunosuppressed rela-
ive to other individuals, the response of toler-
nt patients to influenza vaccination was com-
ared with that of transplant recipients
eceiving chronic immunosuppression and
ealthy volunteers. Importantly, although the
ntibody response of patients receiving im-
unosuppression was reduced dramatically

ompared with healthy volunteers, there was
o significant difference between the humoral
esponses of tolerant patients and healthy vol-
nteers.25 All groups displayed similar T-cell
esponses to vaccination against influenza as
ssessed by immunologic assay-enzyme-linked
mmunospot (ELISPOT). As part of a study
ponsored by the Immune Tolerance Network,
e also have identified a cohort of spontane-
usly tolerant kidney transplant recipients. A
reliminary analysis of the first 16 tolerant pa-
ients was presented at the World Transplant
ongress in 2006. Currently, 21 tolerant recip-

ents have been enrolled and mechanistic stud-

es are underway. Taken together, these reports
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Transplantation tolerance 491
how that although apparently infrequent, tol-
rance to transplanted organs does occur and
an be long-lived.

Although reports of spontaneous tolerance
olster our conviction that tolerance is achiev-
ble in at least a subset of transplant recipients,
he true aim is to be able to prospectively in-
uce tolerance in at least a subset of transplant
ecipients. One approach toward achieving tol-
rance in human beings after transplantation is
o use T-cell–depleting agents in an attempt to
ecrease the large size of the T-cell pool capa-
le of responding to alloantigens. Although by
o means an established principle, it has been
ostulated that by reducing the magnitude of
he initial alloimmune T-cell response, early
lloimmune injury is prevented, allowing time
or the development of adaptive responses by
he allograft and/or protective immune re-
ponses by the recipient immune system. Ale-
tuzumab [Campath-1H (Genzyme Corpora-

ion, Cambridge, MA)] is a monoclonal antibody
pecific for CD52. A short course of therapy
ith alemtuzumab results in transient but pro-

ound depletion of T cells and a lesser but still
ignificant depletion of B cells, natural killer
ells, dendritic cells, and monocytes. When
sed as an induction agent, alemtuzumab was
hown to result in excellent graft and patient
urvival in patients maintained on low-dose cy-
losporine monotherapy; a state termed prope
olerance. Subsequent groups attempted to ex-
loit the profound immunosuppressive proper-
ies of alemtuzumab to induce transplantation
olerance. Kirk et al26 reported a series of 7
idney transplant recipients treated with a brief
ourse of alemtuzumab in the absence of main-
enance immunosuppression. All 7 patients de-
eloped acute rejection within the first month
espite profound depletion of lymphocytes.
istologic assessment of allografts at the time of
linical rejection showed a paucity of lympho-
ytes but intense infiltration by monocytes and
acrophages, suggesting that components of

he immune system other than lymphocytes are
ufficient to mediate acute rejection. Subse-
uent studies by this group also showed the
elative resistance of T cells with a memory
henotype to depletion by alemtuzumab, sug-

esting that memory T cells may contribute to t
ejection after treatment with alemtuzumab.27

n an attempt to increase the efficacy of alemtu-
umab monotherapy, this group treated 5 renal
ransplant recipients with a combination of ale-
tuzumab and deoxyspergualin, an agent

nown to have inhibitory effects on monocytes
nd macrophages.28 However, in all cases
cute, but reversible, rejection developed. A
ariant of this approach has been used by other
roups of investigators who have combined in-
uction therapy with alemtuzumab with main-
enance therapy with a variety of agents with
he ultimate aim of withdrawing all immuno-
uppression gradually over time as mechanisms
upporting tolerance develop. Knechtle et al29

ombined induction with alemtuzumab with
irolimus as a maintenance agent in 29 patients
ndergoing renal transplantation. Although
raft and patient survival rates were excellent
nd 15 patients were able to be maintained on

single immunosuppressive agent, relatively
igh rates of early rejection caused the investi-
ators to recommend changes in the initial
aintenance regimen to include the addition of

calcineurin inhibitor or mycophenolate
ofetil. Similar to this experience, Tan et al30

ecently reported the use of alemtuzumab in-
uction in combination with tacrolimus mono-
herapy in recipients of kidneys from living do-
ors. This group has reported that in the
ajority of patients tacrolimus could be par-

ially weaned by decreasing the dose and/or
ncreasing the interval between doses. Impor-
antly, neither of these groups has withdrawn
ll maintenance immunosuppression success-
ully from patients treated with alemtuzumab.
hus, although alemtuzumab appears to be an
xcellent agent for facilitating the minimization
f maintenance immunosuppression, it remains
o be determined whether this approach will
ead to true, immunosuppression-free trans-
lantation tolerance.
The only approach thus far shown to lead to

ransplantation tolerance in human beings is
ombined nonmyeloablative bone marrow and
idney transplantation.31 Six patients with renal
ailure associated with multiple myeloma un-
erwent simultaneous kidney and bone mar-
ow transplantations from human leukocyte an-

igen–identical siblings after nonmyeloablative
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492 K.A. Newell and C.P. Larsen
onditioning. Each patient received a short
ourse of maintenance immunosuppression
ith cyclosporine. All 6 patients have accepted

he transplanted kidney with follow-up periods
anging from 1.3 to 7 years. In contrast to ro-
ent models, long-term acceptance was associ-
ted with the persistence of chimerism in only

of the 6 patients, both of whom required
aintenance therapy with cyclosporine for

reatment of graft-versus-host disease. A modifi-
ation of this regimen has been used more
ecently in the setting of haploidentical living-
onor renal transplantation. Although the ma-

ority of patients have been weaned success-
ully from immunosuppression, episodes of
umoral rejection appear common.32 In sum,
hese studies show that although tolerance is
aking its way into clinical practice, a number

f as yet poorly understood barriers exist that
ill need to be overcome before the broader

pplication of these regimens.

ARRIERS TO TOLERANCE

nimal studies have identified a number of bar-
iers to achieving tolerance after organ trans-
lantation (Table 1). Unlike the relatively low
recursor frequency of T cells capable of re-
ponding to a given nominal antigen, which is
stimated to be approximately 1 in 100,000,
xperimental studies have shown that approx-
mately 7% of the recipient T-cell pool responds
o fully allogeneic grafts as indicated by prolif-
ration.33 This observation may provide some
nsight into the difficulty of achieving tolerance
ia strategies aimed at depleting recipient lym-
hocytes. Even after treatment with highly ef-

ective depleting agents such as alemtuzumab,

Table 1. Barriers to Tolerance

High frequency of alloreactive T cells
Homeostatic proliferation of lymphocytes

after depletion
Alloreactive memory lymphocytes
Heterologous or cross-reactive memory T cells
Inflammation mediated by the innate

immune system
he small percentage of T cells remaining may e
epresent a relatively large absolute number of
cells that exceeds the threshold for the num-

er of cells necessary to trigger a rejection ep-
sode. The effectiveness of depletional strategies
s limited further by homeostatic proliferation of
he residual lymphocytes. Homeostatic prolifera-
ion refers to the property of T cells residing in

lymphopenic environment that causes them
o spontaneously divide and repopulate the
ost with numbers of T cells that more closely
pproximate lymphocyte numbers in normal
ndividuals. Homeostatic proliferation of T cells
as been shown to present a significant barrier
o allograft survival at least in part owing to the
emory-like phenotype acquired by homeo-

tatically expanded T cells and their relative
esistance to certain immunosuppressive agents
uch as agents that block T-cell costimulation.34

Similar to memory-like T cells that arise as a
esult of homeostatic proliferation, conven-
ional memory T cells generated during an im-
une response also pose a barrier to the devel-

pment of tolerance.35 Several properties of
emory T cells likely contribute to their ability

o prevent the development of tolerance includ-
ng their lower activation threshold, their abil-
ty to be activated outside of secondary lym-
hoid organs and independent of professional
ntigen-presenting cells, and their relative lack
f dependence on conventional costimulatory
ignals. Although memory cells arising from
revious exposure to alloantigens clearly in-
ibit the development of tolerance, memory
cells arising from exposure to non-HLA anti-

ens such as viral antigens or environmental
ntigens also have been shown to prevent the
evelopment of tolerance.36 This phenomenon,
ermed heterologous immunity, may help ex-
lain the resistance of supposedly naive (at

east with respect to previous exposure to al-
oantigens) recipients to tolerance induction as

ell as the relative resistance of NHPs and hu-
an beings to tolerance induction compared
ith rodents housed in specific pathogen-free
arrier facilities.

Although components of the adaptive im-
une system have long been considered to be

he major factor responsible for the prevention
f transplantation tolerance, the barrier to tol-

rance posed by innate immunity only recently
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Transplantation tolerance 493
as been appreciated. Initially the innate im-
une system was thought to link early nonspe-

ific allograft injury mediated by processes such
s ischemia-reperfusion injury to the adaptive
mmune response, thereby amplifying antido-
or alloimmunity. More recently it was shown
hat disruption of toll-like receptor (TLR) signal-
ng facilitates the development of tolerance and
hat this effect is at least partially caused by
mpaired dendritic cell responses that tip the
alance of the immune response after trans-
lantation in favor of CD4�CD25� regulatory
ells.37 It has been proposed that the resistance
f some organs and tissues such as intestine,

ung, and skin to tolerance induction after the
lockade of costimulatory pathways is a conse-
uence of enhanced TLR signaling in response
o the environmental microorganisms to which
hese organs constantly are exposed. Chen et al38

ecently showed that augmenting TLR signaling
revented tolerance after heart transplanta-
ion in mice treated with anti-CD40L (a model
n which tolerance routinely is achieved),
hereas disruption of TLR signaling caused

kin allografts (which normally are resistant to
olerance induction by anti-CD40L) to be ac-
epted indefinitely. These reports suggest that
he successful induction of tolerance may re-
uire targeting key components of the innate

mmune system as well as components of the
daptive immune system.

ECHANISMS OF TOLERANCE

he development of tolerance-inducing regi-
ens in transplantation as well as the identifi-

ation of biomarkers or assays predictive of
olerance would be facilitated greatly by an
nderstanding of the mechanisms responsible
or the induction and maintenance of tolerance.
lthough the specific mechanisms responsible

or the rare occurrence of tolerance in human
eings have not been elucidated, 4 mechanisms
ppear to account for nearly all cases of toler-
nce observed in experimental transplant mod-
ls (Table 2). Ignorance refers to the observa-
ion that T cells failing to encounter donor
ntigen in the correct environment are not ac-
ivated appropriately and hence do not contrib-
te to the antidonor immune response. The

est example of ignorance as a mechanism pro- u
oting tolerance is the long-term survival of
eart allografts in splenectomized mice that

ack all lymph nodes as a result of a genetic
utation.39 In the complete absence of second-

ry lymphoid organs, recipient T cells fail to
ndergo initial activation when they encounter
onor alloantigens. Although likely important,

gnorance as a mechanism of tolerance is un-
ikely to be the main mechanism promoting
olerance because memory T cells can be acti-
ated fully in the absence of recipient second-
ry lymphoid organs, and inflammation unre-
ated to alloantigen (ie, viral infections) may
lter T-cell migration such that ignorant T cells
ncounter previously sequestered donor anti-
ens. Anergy refers to the state of T cells that
re not actively in the process of dying but
emain unresponsive to antigenic stimulation.
lthough best described as a mechanism for
aintaining tolerance to self-antigens, anergy

ikely contributes to transplantation tolerance.
The 2 mechanisms most widely held to be

esponsible for tolerance after transplantation
re regulation and deletion. Regulation refers
o an active process in which components of
he recipient immune system respond to donor
ntigen in a manner that inhibits or suppresses
njurious effector mechanisms. Numerous cell
ypes may have regulatory properties including
aturally occurring CD4�CD25� regulatory
ells, natural killer cell 1.1 (NK1.1), C8�CD28�,
nd CD3�CD4�CD8� cells. Several cell surface
olecules including CD45RB, glucocorticoid-

nduced TNFR-related protein (GITR), CTLA4,
nd CD103 all have been associated with vari-
us populations of cells that display a regula-
ory function, but the transcription factor fork-
ead box protein 3 (FOXP3) is considered to be
critical controller and major marker of at least
aturally occurring regulatory T cells. The reg-

Table 2. Mechanisms of Tolerance

Ignorance
Anergy
Regulation or suppression
Deletion of alloantigen-specific lymphocytes
latory effects of T cells may be mediated by



t
a
n
y
d
r
c
e
t
t
d
w
t
m
s
t
t
a
t
a

c
t
t
c
t
w
t
b
S
t
g
i
a
c
l
t
m

c
d
t
m
g
t
t
d
p
I
a

v
w
d
e
t

P

C
p
t
t
m
a
l
t
r
e
w
a
t
i
i
d
o
o
i
i
g

t
t
(
c
r
a
r
s
m

t
s
t
t
h
t
T
c
i
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he production of suppressive cytokines such
s TGF-� or interleukin-10, or in the case of
aturally occurring regulatory cells caused by as
et incompletely understood cell contact–
ependent mechanisms. The observation that
egulatory T cells can be detected in a signifi-
ant number of renal transplant recipients as
arly as 3 months after transplantation and that
hey may persist for many years40 suggests that
olerance, if it is maintained by regulatory cells,
epends on the balance between recipient cells
ith regulatory properties and those with effec-

or properties. The contribution of regulatory
echanisms to tolerance after transplantation is

upported by the observation that 3 tolerant
ransplant recipients all displayed regulation
hat was dependent on the production of TGF-�
nd/or interleukin-10, as assessed using the
rans-vivo delayed type hypersensitivity (DTH)
ssay.41

Deletion is also an active process in which T
ells responding to donor antigens are selec-
ively purged from the recipient T-cell reper-
oire. Deletional mechanisms are known to be
ritical for establishing and maintaining self-
olerance and are the dominant mechanisms by
hich tolerance to transplanted organs is main-

ained in many experimental models of com-
ined organ and bone marrow transplantation.
everal different processes can cause alloreac-
ive T cells to undergo apoptosis or pro-
rammed cell death and thus be deleted, includ-
ng clonal exhaustion as a result of chronic
ntigenic stimulation, activation in suboptimal
onditions such as the lack of critical costimu-
atory signals, cytokine withdrawal, or signaling
hrough death receptors belonging to the tu-
or necrosis factor–receptor superfamily.
Most reviews of tolerance mechanisms dis-

uss each potential mechanism as if it were a
iscreet process. However, it is likely that mul-
iple mechanisms contribute to the develop-
ent and maintenance of tolerance for any

iven individual. It seems equally likely that
hese mechanisms change over time, vary be-
ween seemingly similar individuals, and differ
epending on the organ transplanted and the
revious immunologic history of the individual.

n our experience it is clear that tolerance is not

permanent end point but rather a state of b
arying duration that unfortunately may wane
ith time, resulting in immunologic allograft
amage or loss. In recognition of this phenom-
non some investigators have preferred the
erm metastable tolerance.

OTENTIAL TOLERANCE ASSAYS

urrent approaches to managing immunosup-
ression are largely empiric and reactive rather
han proactive. This is the result of our inability
o predict accurately how the recipient im-
une system will respond to a given organ

llograft. Usually immunosuppression is se-
ected based on broad clinical criteria. Devia-
ions from standard protocols occur only in
esponse to significant changes in the recipi-
nt’s clinical course. A more ideal situation
ould be to develop assays to adequately char-

cterize the status of the recipient immune sys-
em. By using these assays to monitor the recip-
ent immune system routinely, changes in
mmunosuppression could be made before the
evelopment of immunologic graft injury or the
ccurrence of the unwanted consequences of
verimmunosuppression. The development of

mmune monitoring assays would allow the safe
ndividualization of immunosuppression and
reatly facilitate tolerance studies.

The large number and complexity of assays
hat have been proposed for monitoring
he immune response after transplantation
Table 3) precludes their comprehensive dis-
ussion in this article. Interested readers are
eferred to recent reviews of potential toler-
nce assays.42,43 Briefly, assays can be catego-
ized as either antigen-specific or non–antigen-
pecific and as being based on either cellular or
olecular methods.
Antigen-specific assays have the advantage

hat they measure the response of the immune
ystem to antigens expressed uniquely by the
ransplanted organ. As discussed, transplanta-
ion tolerance implies a state of donor-specific
yporesponsivness or unresponsiveness rather
han a state of global immune suppression.
hus, donor-specific assays offer significant
onceptual advantages. However, practical lim-
tations such as the requirements for large num-

ers of viable recipient lymphocytes as well as
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Transplantation tolerance 495
arge numbers of donor cells to use as stimula-
ors complicate the routine use of these assays.

Antigen-nonspecific assays avoid some of
hese potential difficulties but may be reflective
f changes in the immune system not specifi-
ally arising from exposure to the transplanted
rgan. The rapid evolution of molecular
echniques such as determination of gene ex-
ression using microarrays (genomics), deter-
ination of protein expression (proteomics),
etabolomics, or analysis of gene polymor-
hisms has created unique opportunities and
roblems. Instead of limiting investigators to
esting hypotheses based on known paradigms,
hese methodologies allow investigations of
any pathways of unknown importance simul-

aneously.
These hypothesis-generating approaches

Table 3. Potential Tolerance Assays

Antigen specific
ELISPOT
Trans-vivo delayed-type hypersensitivity

assay
Limiting dilution assay
CFSE mixed lymphocyte

reaction–proliferation assay
Intracellular cytokine staining after donor

antigen stimulation in vitro
Determination of antidonor antibodies

Antigen nonspecific
Characterization of T-cell receptor

repertoire (TcLandscape, Nantes,
France)

Phenotypic characterization of peripheral
blood mononuclear cells by flow
cytometry

Gene polymorphisms
Gene transcription/transcriptional profiling

Microarrays
Real-time reverse-transcriptase
polymerase chain reaction

Urine proteomics
Cylex (Columbia, MD) immune cell

function assays–polyclonal stimulation
with PHA in vitro

Abbreviations: CFSE, 5- (and 6-) carboxyfluorescein diac-
etate succinimidyl ester; PHA, phytohemagglutinin.

Reviewed in Newell and Larsen42 and Najafian et al.43
ay discover new unrecognized pathways that o
ill help to determine the fate of transplanted
rgans. However, the vast amounts of data
hese methods generate have challenged inves-
igators to develop new approaches for data
anagement and analysis. Given the likelihood

hat a number of immunologic mechanisms
ontribute to the acquisition and maintenance
f tolerance and that these mechanisms vary
etween individuals and change over time, it
eems likely that a battery of sequentially per-
ormed assays will be necessary to create a
eliable picture of the recipient immune system
fter transplantation and to detect the emer-
ence of tolerance and its impending loss. The
mportance of developing monitoring assays in
ransplantation in general and tolerance assays
n particular is shown by the large number of

ulticenter, cooperative studies that aim to de-
elop monitoring assays including the Cooper-
tive Trials in Organ Transplantation (available
t: https://www.ctotstudies.org/index.htm), the
egistry of Tolerant Kidney Transplant Recipients
available at: http://www.immunetolerance.org/
egistry/), and the Indices of Tolerance Study
available at: http://www.transplant-tolerance.
rg.uk/introduction.aspx).

ONCLUSIONS

he failure of long-term outcomes to improve at
he same pace as improvements in short-term
utcomes after organ transplantation together
ith the costs and toxicities of chronic, non-

pecific immunosuppression provide the impe-
us to work toward the development of trans-
lantation tolerance in at least selected subsets
f transplant recipients. In this regard it may be

mportant to recognize that tolerance is not a
nal, immutable end point but rather a contin-
um ranging from transient hyporesponsive-
ess to sustained unresponsiveness. As our
nderstanding of the mechanisms of trans-
lantation tolerance and the barriers to toler-
nce improves, tolerance studies should be-
ome increasingly feasible and successful.
reclinical studies in NHPs will play a major
ole in selecting the safest and most promising
egimens to induce tolerance in human beings
nd in identifying those factors limiting success.
ntegral to the safe and successful development

f clinical transplantation tolerance will be the

https://www.ctotstudies.org/index.htm
http://www.immunetolerance.org/registry/
http://www.immunetolerance.org/registry/
http://www.transplant-tolerance.org.uk/introduction.aspx
http://www.transplant-tolerance.org.uk/introduction.aspx
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496 K.A. Newell and C.P. Larsen
evelopment of immune monitoring or toler-
nce assays that can be feasibly introduced for
he routine management of immunosuppres-
ion after transplantation.
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