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General introduction

Donor-specific tolerance in clinical transplantation:

why is it needed?

Uremia – the syndrome of fluid, metabolic and circula-

tory changes associated with end-stage renal failure – was

universally lethal before 1960, and it is one of the impor-

tant medical successes of the 20th century that most of

these patients nowadays survive. Two major achievements

allowed for this advance: the establishment of chronic

hemodialysis as a routine treatment for uremia, and

introduction of renal allotransplantation into clinical

application (Fig. 1). Life expectancy is greatly prolonged

by renal allotransplantation compared to chronic dialysis

[1], making transplantation the treatment of choice.

The first successful renal transplant was performed in

Boston in 1954 as a living-donor transplant between

identical twins [2]. Although this served as proof-of-prin-

ciple for the feasibility of this procedure, it was only the

introduction of potent immunosuppressive drugs that

allowed for widespread clinical application of renal allo-

transplantation. With a broad armamentarium of immu-

nosuppressive drugs, the problem of allograft loss due to

acute rejection has been mainly overcome. The major

remaining challenge is late allograft failure. It is

frustrating for all transplant physicians to recognize the
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Summary

Lymphohematopoietic chimerism was first shown to be associated with donor-

specific allograft tolerance more than 60 years ago. However, early clinical

experience with bone marrow transplantation soon revealed that conventional,

myeloablative approaches were far too toxic and the risk of graft-versus-host

disease too great to justify using this technology for the purpose of organ allo-

graft tolerance induction in the absence of malignant disease. In this review,

we discuss a step-wise approach that has been applied by several centers to

establish less toxic approaches to using hematopoietic cell transplantation

(HCT) for tolerance induction. These steps include (i) feasibility and efficacy

data for tolerance induction in large animal models; (ii) safety data in clinical

trials for patients with hematologic malignancies; and (iii) pilot trials of com-

bined HCT and kidney transplantation for tolerance induction. Thus far, only

one published trial conducted at the Massachusetts General Hospital in Boston

has achieved long-term acceptance of human leukocyte antigen-mismatched

kidney allografts without chronic immunosuppressive therapy. Alternative pro-

tocols have been successful in large animals, but long-term organ allograft tol-

erance has not been reported in patients. Thus, proof-of-principle that

nonmyeloablative induction of mixed chimerism can be used intentionally to

induce organ allograft tolerance has now been achieved. Directions for further

research to make this approach applicable for a broader patient population are

discussed.
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unchanging downslope of late allograft loss despite mod-

ern immunosuppressive treatment. A similar situation

has been encountered for all transplanted organs (Fig. 2).

‘Chronic allograft nephropathy’ for kidneys and ‘chronic

allograft vasculopathy’ for hearts can be caused by both

immunologic (including true chronic rejection and recur-

rence of immunologic diseases) and nonimmunologic

mechanisms (including longer term effects of ischemia/

reperfusion injury and immunosuppressive drug toxicity

and side effects). In addition, one half of kidney

recipients die with a functioning graft, mainly due to

cardiovascular events which are often due to immuno-

suppressive drug side effects [3].

In view of this chronic loss of successfully transplanted

allografts, the establishment of immunologic tolerance is

of great interest because: (i) it prevents chronic rejection

[4]; (ii) it obviates the need for long-term immunosup-

pressive drug treatment and therefore limits direct toxic-

ity and metabolic side effects; (iii) although the initial

ischemia/reperfusion injury inherent in any organ trans-

plant procedure would not be changed by tolerance

induction, tolerance would avoid the additional damage

that often occurs through acute rejection episodes that

are promoted by ischemic injury [5]; (iv) if combined

with bone marrow transplantation (BMT), it might pre-

vent recurrence of the primary disease in certain cases

(e.g. systemic lupus erythematosus [6,7], type I diabetes

[8] or certain glomerulonephritides [9]). Clinical studies

demonstrating the association between donor-specific

unresponsiveness and allograft survival [10,11] suggest

that immunologic tolerance might indeed solve the prob-

lem of chronic allograft failure.

Definition of donor-specific tolerance for clinical

purposes

‘Immune tolerance’ to a set of antigens can be defined as a

state in which the immune system does not mount a

destructive response to organs or tissues expressing those

antigens, but is capable of responding normally to foreign

antigens. In a clinical context, tolerance can be called

‘operational’ when an allograft is accepted long-term

Figure 1 Survival of treated uremic patie-

nts 1940–1980. In the second half of the

20th century, the syndrome of uremia has

changed from a universally lethal disease

to a mostly treatable condition. This has

been achieved by two major advances:

introduction of maintenance dialysis and

of renal allotransplantation (figure kindly

provided by Prof. U. Binswanger, Prof.

Emer. for Nephrology, University Hospital,

Zurich, Switzerland).

Figure 2 Five-year survival of kidney, heart, liver and lung allografts

(1996–2005). From the European Collaborative Transplant Study,

5-year survival of various allografts under modern immunosuppression

(postmycophenolate era) is depicted. A universal chronic allograft loss

over time is evident for all types of allografts (details: see text). Refer-

ence for the diagram: E-11011-0207.
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without immunosuppressive therapy. This definition

includes various states of tolerance (Fig. 3): the most

robust form is systemic tolerance, meaning that the

organism’s entire immune system is tolerant to a set of

alloantigens of a given donor, so that a response cannot

be induced to them either in vivo or in vitro; a somewhat

less robust form of tolerance is achieved when a certain

allograft is accepted without immunosuppression, but a

second more immunogenic graft from the same donor

may be rejected. This state would also apply to the

situation of graft acceptance with inducible anti-donor

alloreactivity in vitro; finally, a more fragile state of

‘immunologic balance’ may be observed, in which long-

term graft acceptance is achieved without immuno-

suppression, despite evidence for persistent anti-donor

immunologic reactivity (e.g. presence of graft infiltrates

and/or anti-donor antibodies; the latter is also referred to

as ‘accommodation’). Systemic tolerance often involves

central and peripheral deletion of donor-reactive clones

[12], whereas immunologic balance may include the

upregulation of protective genes in the graft itself to con-

trol the destructive immune response [13]. Evidence for

systemic tolerance in the preclinical and clinical setting

might therefore include: (i) the absence of donor-specific

alloantibodies; (ii) the absence of destructive lymphocyte

infiltration in allograft biopsies; and (iii) donor-specific

unresponsiveness with recovery of third party responses in

functional assays in vitro [14].

Two recent reports have advocated the use of donor

skin grafting as a measure of tolerance in the context of

mixed or full chimerism induced with hematopoietic cell

transplantation (HCT) [15,16]. Although skin allograft

tolerance is considered to be the most stringent test of

tolerance in the experimental setting, caution should be

applied in concluding that skin graft acceptance would

allow for kidney allograft acceptance in every situation. In

the case that a minor histocompatible antigen is shared

by skin and kidney but not the hematopoietic cell

Operational tolerancep

Long-term allograft acceptance
-without immunosuppression

- without a destructive immune response in the allograft

Systemic tolerance

Phenomenological classification

Robust, but not Immunological balance

Anti-donor reactivity
absent and not inducible

systemic tolerance

Anti-donor reactivity
not detectable, but inducible

Anti-donor reactivity
detectable, but not destructive

- in vivo with a 2nd more immuno-
genic graft from the same donor
- in vitro with donor alloantigen

restimulation (MLR or CML)

- Graft infiltrates
- Donor-specific antibodies

(= accomodation)

Immunological classification

Deletion
Protective 

intra-graft genes or cells

Anergy & regulation

Figure 3 Definition of various states of allograft tolerance. Operational tolerance in the clinical context means long-term allograft acceptance

without chronic immunosuppression and without evidence of a destructive immune response in the graft. This status includes various immuno-

logic mechanisms, which determine the robustness of tolerance to a secondary rechallenge in vivo and in vitro (marked in blue underneath;

details: see text).
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graft, placing a skin graft could sensitize the host and

jeopardize the success of a subsequent kidney transplant

from the same living donor. Evidence for ‘split’ tolerance

to minor histocompatibility antigens expressed on the kid-

ney with sensitized responses to donor hematopoietic cells

has been described in a recent clinical human leukocyte

antigen (HLA)-identical combined kidney–BM transplant

protocol [17], suggesting that tissue-specific antigen distri-

bution is immunologically relevant in humans. In addition,

as clinical HCT is mostly performed in the HLA-identical

setting, a postulated kidney allograft rejection would have

to be directed against minor histocompatibility antigens. In

this case, a skin graft would also not help to assure a toler-

ant state towards a kidney allograft of the same donor,

because minor antigen expression may differ between the

skin and the kidney. For these reasons, we and others do

not recommend using skin grafting as a test of tolerance in

this clinical situation [18,19].

Measuring tolerance is still a major problem, as many

of the approaches commonly used in experimental mod-

els are not applicable in a clinical setting. In patients ren-

dered tolerant with HLA-identical combined kidney–BM

transplants (see below), the absence of donor-reactive

helper T lymphocytes and of CTL reacting to renal tubu-

lar epithelial cells was associated with kidney allograft tol-

erance, whereas the presence of CTL recognizing donor

hematopoietic cells was detected in several operationally

tolerant patients [17]. In a patient achieving durable

mixed hematopoietic chimerism across a haplotype bar-

rier with nonmyeloablative conditioning, a state of donor-

and recipient-specific unresponsiveness of T-helper cells

was recently demonstrated [20]. Recently, Brouard et al.

reported on a new approach using gene expression micro-

arrays on peripheral blood lymphocytes. They identified a

transcriptional biomarker panel of 49 genes that was

highly associated with a clinical state of operational toler-

ance in renal allograft recipients, who had successfully

withdrawn their own immunosuppression, and stable

patients on immuosuppression [21]. Martinez-Llordella

et al. [22] applied a similar strategy for operationally toler-

ant liver allograft recipients and could also identify a gene

profile specifically associated with the tolerance status.

Although it remains to be determined whether or not this

microarray approach can prospectively identify patients

who will not reject their allograft after immunosuppression

withdrawal, this result provides a promising approach to

identifying a ‘tolerance footprint’ for individual patients.

Clinical considerations concerning the use of HCT

for tolerance induction

Many different experimental approaches have been evalu-

ated for the achievement of donor-specific tolerance to

organ allografts. These can broadly be divided into

approaches based on HCT and those that are not

(reviewed in Ref. 23). As the former are the only strate-

gies that have thus far led to successful tolerance induc-

tion in the clinical context, this review will focus on

HCT-based approaches. HCT-based approaches to

achieve immunologic tolerance differ from non-HCT-

based approaches in at least one major respect:

donor-derived hematopoietic cells may reach the recipient

thymus and promote negative selection of newly generated

donor-reactive T cells. In rodents, HCT-based approaches

have indeed been shown to induce robust tolerance by cen-

tral T-cell deletion (reviewed in Ref. 12). The clear under-

standing of the tolerance mechanisms involved with the

achievement of durable-mixed chimerism via successful

engraftment of allogeneic hematopoietic stem cells makes

this a desirable approach for clinical application.

In the clinical setting, proof-of-principle for successful

tolerance induction by HCT was provided by several

reports of sequential allogeneic HCT followed much later

by a solid organ allograft from the same donor for a new

indication. Two patients confirming this finding in the

clinical setting were reported by Sayegh et al. [24]. Both

patients received a conventional HLA-identical BMT for

therapy of acute leukemia. Several years later they devel-

oped chronic renal failure and subsequently received a

renal allograft from the original BM donor. These grafts

were accepted without immunosuppressive therapy. Sub-

sequently, several small studies reported similar findings

for kidney [25–30], lung [31] and liver [32] transplanta-

tion. Interestingly, three recent case reports showed that

tolerance can also be achieved when an organ transplant

is followed by BMT from the same donor [33–35]. Eight

additional patients receiving BM after solid organ trans-

plant from the same donor have been summarized [36].

These findings are encouraging, as sensitization to the

donor by the allograft and consequent failure of BM

engraftment might have been expected. However, the fea-

sibility of this approach was very recently demonstrated

in a nonhuman primate model, in which depletion of T

cells, including CD8 memory cells, allowed successful tol-

erance induction to a previously transplanted kidney allo-

graft using an established protocol for the induction of

mixed chimerism and tolerance with combined BM and

kidney transplantation [37].

These cases illustrate two important points: (i) Sequen-

tial organ and HCT leads to immunologic tolerance in

the clinical setting, an important ‘proof-of-principle’ that

the results from animal studies can be applied and (ii)

this procedure may be a suitable option for two types of

patients. These include patients needing HCT for treat-

ment of their primary disease who subsequently develop

organ failure due to graft-versus-host disease (GVHD) or
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a complication of therapy (HCT itself, GVHD therapy or

others) and those who need an allograft for therapy of

their primary disease but have contraindications to

chronic immunosuppression. For example, a patient with

cholangiocarcinoma received a living-donor liver trans-

plant for treatment of this malignancy from a donor of

BMT 14 years earlier to treat lymphoblastic leukemia

[32]. However, this approach is not feasible and accept-

able for the vast majority of organ allograft recipients

because of the high complication rate, lethality and cost

of allogeneic BMT and the high risk of GVHD, even in

the setting of HLA-identical HCT. Therefore, the efforts

have been undertaken to develop clinical protocols to

establish mixed lymphohematopoietic chimerism with

reduced intensity and therefore less toxic conditioning

with reduced GVHD risk. In conjunction with several

additional steps, including establishment of efficacy in

large animal models, the evaluation of reduced intensity

conditioning protocols in patients with hematologic

malignancies may provide the safety and toxicity data in

humans needed for application of such protocols for clin-

ical tolerance induction to kidney allografts. The status of

various protocols with respect to these steps is discussed

in the ensuing sections.

Preclinical and clinical tolerance through mixed
chimerism induction with reduced intensity condi-
tioning

Step 1: efficacy data from large animal models

All successful protocols for the induction of mixed chime-

rism in the preclinical and clinical settings involve three

major elements: (i) a myelosuppressive treatment to pro-

mote donor hematopoietic engraftment; (ii) an immuno-

suppressive treatment (often involving T-cell depletion)

to prevent rejection and GVHD; and (iii) a source of allo-

geneic hematopoietic stem cells.

Based on their previous mouse data (for review see

Ref. 38), Strober et al. at Stanford and Myburgh et al. in

South Africa established protocols for tolerance induction

in dogs [39] and nonhuman primates [40] involving total

lymphoid irradiation (TLI) and T-cell depletion with

anti-thymocyte globulin (ATG). With this approach,

Myburgh et al. observed prolonged survival of kidney and

liver allografts in about one-third of the animals, some

with graft survival >10 years [41,42]. Replacing ATG with

anti-CD3 or anti-CD4 conjugated to idarubicin permitted

operational tolerance of kidney allografts in three of six

baboons [43]. Based on their dog data, Strober et al. [44]

applied a similar regimen combining TLI and ATG to 28

patients receiving a kidney allograft, but only three of 28

developed tolerance. One of these patients was recently

reported to have normal allograft function, no evidence

of microchimerism in peripheral blood, no anti-HLA

antibodies, but a vigorous anti-donor response in mixed

leukocyte reaction (MLR), suggesting that clonal deletion

was not the mechanism of tolerance induction [45].

These studies prove that immunologic tolerance of an

allograft can be achieved by TLI combined with anti-T-

cell antibodies. However, as the protocol led to tolerance

in only a low percentage of patients and the complica-

tions of high doses of TLI (especially infectious complica-

tions and secondary malignancies) are not acceptable for

routine transplantation, this approach has not been pur-

sued further. The same group then developed a protocol

based on TLI and ATG combined with donor BMT to

achieve donor-specific tolerance via mixed chimerism

induction. Compared to the rodent experience, the TLI

regimen had to be modified due to toxicity in large ani-

mals: radiation fields were narrowed and radiation doses

were reduced and fractionated. These necessary changes

in the TLI regimen decreased its efficacy, as reported by

Myburgh in baboons (nine of 28 monkeys achieved long-

term kidney allograft acceptance [46]) and Strober in

dogs (0 of 12 dogs achieved long-term heart allograft

acceptance [39]). In fact, adding BMT to the TLI/ATG

protocol reduced rather than increased the percentage of

tolerant animals.

A different approach has been taken by Storb et al.

from the Fred Hutchinson Cancer Research Center in

Seattle. They developed a canine dog leukocyte antigen

(DLA)-matched model of nonmyeloablative BMT first

using cyclophosphamide and later low-dose total body

irradiation (TBI) for induction of mixed hematopoietic

chimerism followed by a short course of immunosuppres-

sion (mycophenolate mofetil or cyclosporine for 28–

35 days) to prevent GVHD and graft rejection [47,48].

They recently reported on five mixed chimeric dogs who

accepted kidney allografts from their DLA-identical hema-

topoietic cell donors long-term without immunosuppres-

sion, whereas kidney allografts transplanted in the

opposite direction were promptly rejected. In this study,

two dogs received BM cells, two dogs received mobilized

peripheral stem cells and one dog received both [49]. In a

very recent study, they used the same protocol for DLA-

identical BMT using two marrow donors per recipient, as

multiple donors have been used clinically to enhance

engraftment in the context of umbilical cord grafts. In

this study, five of eight dogs were stable trichimeras, two

were stable chimeras from one donor and one rejected

both grafts. Five of the seven chimeric dogs received kid-

ney allografts from their HCT donors at least 6 months

after BMT, and four of five grafts were accepted long-

term without immunosuppression [50].

Another approach has been evaluated by the group of

Sachs, Sykes, Cosimi and Kawai at Massachusetts General
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Hospital in Boston, who have had a long-standing inter-

est in nonmyeloablative induction of mixed chimerism

for tolerance induction. They developed a protocol to

induce mixed chimerism in the mouse, which consisted

of T-cell depletion with monocloncal anti-CD4 and -CD8

antibodies, low dose TBI (3 Gy), thymic irradiation (TI)

and BMT [51]. The protocol was successfully translated

into two large animal models: in MGH miniature swine,

stable mixed chimerism and long-term donor-type skin

graft acceptance was achieved with 3 Gy TBI divided into

two fractions, 7 Gy TI, T-cell depletion with CD3-immu-

notoxin and BMT followed by a 30-day course of cyclo-

sporine [52]. A similar protocol using ATG instead of

CD3-immunotoxin was used for combined kidney and

BM transplantation in fully major histocompatibility

complex (MHC)-mismatched cynomolgus monkeys. With

this protocol, long-term survival of fully mismatched kid-

ney allografts was achieved in eight of 13 (62%) monkeys

overall and in eight of 11 (73%) chimeric monkeys [53].

Of note, only animals that achieved mixed chimerism

developed tolerance; however, most of them lost mixed

chimerism later without rejection of the kidney allograft.

The reason for this ‘split tolerance’ has not been eluci-

dated, though a similar phenomenon has now been

reported in patients (see below). Second, splenectomy was

a necessary part of the protocol to prevent alloantibody

production. Splenectomy was later successfully replaced

with anti-CD154 monoclonal antibody (mAb) [54]. The

same protocol used in the context of fully mismatched

heart instead of kidney transplantation led to a prolonga-

tion of graft survival, but tolerance was not achieved

[55].

In the above-mentioned nonhuman primate model,

Kawai et al. showed that each of the elements of this pro-

tocol was necessary to achieve tolerance to a fully mis-

matched kidney allograft. The TI serves mainly to deplete

donor-reactive thymic mature T cells, which are not

depleted or tolerized by circulating anti-T-cell depleting

antibodies, thereby permitting intrathymic engraftment of

tolerogenic donor-derived dendritic cells [56–58]. As TI

might be associated with delayed T-cell recovery in peo-

ple, especially older individuals, efforts have been made to

replace it with other modalities. In the mouse model, we

have demonstrated that the need for TI can be overcome

by the introduction of co-stimulatory blockade with one

injection of either CTLA4-Ig or anti-CD154 mAb [59] or

by a more intense course of T-cell depleting mAbs, which

also inactivates alloreactive thymocytes [58]. However,

when anti-CD154 was utilized in a mixed chimerism pro-

tocol in nonhuman primates, thromboembolic complica-

tions occurred [60]. Thus, based on the mouse model,

the replacement of TI with either CTLA4Ig, which is cur-

rently being evaluated in clinical trials, or with a more

clinically applicable agent for blocking CD40–CD154

interactions, can be envisioned. In the meantime, how-

ever, it is significant that the MGH group now has expe-

rience with over 200 combined kidney/BM transplants in

nonhuman primates, 12 combined kidney/BM transplants

in humans and over 60 BM transplants in patients with

hematologic malignancies using a protocol that includes

7 Gy TI, and no undesirable side effects (such as thymo-

ma, hypothyroidism or hypoparathyroidism, thyroid car-

cinoma or other adverse effects) were observed, although

some of the patients and monkeys now have been fol-

lowed for more than 10 years.

Step 2: safety and toxicity data from clinical trials

in patients with hematologic malignancies

A large number of protocols using reduced intensity con-

ditioning for HCT in the setting of malignant disease

have been published. In the following section, we only

present results from three groups who have established

reduced intensity HCT protocols in large animal models

(see Step 1) not only with the goal of developing less

toxic treatments for patients with hematologic malignan-

cies, but also with the intention to potentially apply such

protocols for benign conditions such as induction of

transplantation tolerance. While the terms ‘reduced inten-

sity’ and ‘nonmyeloablative’ have been used interchange-

ably by some authors, we restrict the term

‘nonmyeloablative’ to conditioning regimens that have

been shown to leave sufficient hematopoietic progenitors

and stem cells intact to allow robust host hematopoiesis

to occur in the absence of a marrow graft or following

rejection of donor hematopoietic cells.

Strober et al. recently reported successful translation of

their reduced intensity conditioning regimen based on

TLI (10 doses of 80 cGy each) and T-cell depletion with

ATG (five doses of 1.5 mg/kg each) followed by HLA-

matched mobilized peripheral-blood mononuclear cells to

37 patients suffering from either lymphoma or acute leu-

kemia. The patients were either >50 years old, had pre-

existing medical conditions or had received prior therapy

and were therefore considered to be at too high risk for a

conventional myeloablative HCT. This regimen showed a

high safety profile, as only one of 37 patients developed

acute GVHD ‡ grade II. However, 29 of 37 patients

became full donor chimeras and sevem of them developed

extensive chronic GVHD. Of the 10 patients who died,

three died of treatment-related causes (acute GVHD, sep-

sis, thrombotic thrombocytopenic purpura), six of pro-

gressive disease and one due to suicide (Table 1 [61]). In

a report on the follow-up this group, >100 patients trea-

ted with this protocol had a very low rate of acute GVHD

(4% [62]).
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Storb et al. recently reported on 120 patients treated

with their reduced intensity regimen for HLA-matched

allogeneic HCT established in dogs, which consisted of

low dose TBI (2 Gy) with or without additional fludara-

bine [63]. As for the Stanford protocol, patients were

included when they suffered from a hematologic malig-

nancy, but were ineligible for conventional allogeneic

HCT because of age, comorbidities or previous therapies.

All were HLA-matched grafts (71% related). The rate of

initial engraftment was 100%, and most patients (90%)

achieved durable chimerism. However, and in contrast to

the large animal data, a high rate of acute (56%) and

chronic (35%) GVHD was observed. This resulted in

good anti-tumor responses (44% of patients having

measurable disease at study entry achieved complete

remission), but the high rate of GVHD renders this

protocol unsuitable for tolerance induction to solid organ

allografts in patients without malignant disease, despite

the success of the canine model (see above). These data

highlight the importance of assessing safety of HCT pro-

tocols in an appropriate group of patients with malignant

disease before extending them to the induction of organ

allograft tolerance in patients without malignancy, even if

the protocol has been successfully tested in a large animal

allograft tolerance model.

In contrast to other reduced intensity regimens for

HCT for the treatment of hematologic malignancies, in

which full donor chimerism is sought, the approach used

by Spitzer et al. involves the intentional induction of

mixed lymphohematopoietic chimerism. Truly non-

myeloablative protocols that include cyclophosphamide,

TI, ATG or MEDI-507 (siplizumab) have been developed

for HLA-matched and haploidentical HLA-mismatched

HCT. These protocols are based on the results of rodent

studies showing that induction of mixed chimerism with-

out an initial GVH response can be followed >5 weeks

later by donor lymphocyte infusions (DLI), which medi-

ate potent graft-versus-tumor effects without inducing

GVHD, while converting mixed to full donor chimerism.

In this mouse model, DLI-induced GVH responses have

been shown to be confined to the lymphohematopoietic

system when GVH reactivity from the initial HCT is

avoided [64–67]. The initial presence of recipient profes-

sional antigen-presenting cells in mixed chimeras is key

in allowing this graft-versus-leukemia response to occur

[68]. Spitzer et al. reported on 42 patients who received

HLA-identical BMT for refractory lymphohematopoietic

malignancies [69] using a protocol derived from the

above rodent studies, involving cyclophosphamide, TI,

equine ATG and BMT. This protocol also shared many

features with the protocol used for induction of tolerance

through combined kidney/BM transplantation by Kawai

et al. in cynomolgus monkeys (see above). The majorT
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difference was the use of cyclophosphamide instead of

TBI for cytoreduction. The results are summarized in

Table 1: a total of 19/42 (45%) patients developed ‡grade

II GVHD, with or without DLI. Among those patients

receiving DLI (16/42), eight achieved a complete remis-

sion and three achieved a partial remission. A total of

seven patients achieved durable complete remissions,

which was quite surprising in this group of patients with

particularly poor prognoses. While the incidence of

GVHD in this trial group was acceptable for patients with

a hematologic malignancy, this regimen could not be

broadly applied to HLA-matched kidney transplantation

for the sole purpose of tolerance induction. However, the

safety data achieved in the above trial allowed its later

application in a trial of combined kidney/BM transplanta-

tion in patients with multiple myeloma and end-stage

renal failure (see below).

The above protocol led to an unacceptably high inci-

dence of acute GVHD when applied in patients with

haploidentical, HLA-mismatched donors, but it provided

the first proof that mixed chimerism could be intention-

ally achieved across extensive HLA barriers in humans

[70]. Because of the greater incidence of GVHD observed

with the equine ATG-based regimen in HLA-mismatched

haploidentical transplants, the same group has been

developing a similar protocol for HLA-mismatched HCT

using a more potent T-cell depleting agent, namely a

humanized anti-CD2 mAb, siplizumab (MEDI-507 [71]).

In addition to inducing more extensive T-cell depletion

than ATG, siplizumab also depletes CD2-bearing natural

killer cells when used in this regimen [72]. In the initial

study, three cohorts of four patients each received

variations in the protocol in relation to the timing of sip-

lizumab and the source of HCT (BM cells in cohort 1

and 2, mobilized peripheral stem cells in cohort 3) [73].

The results of cohort 1 in this study were appropriate for

evaluation in a protocol for organ tolerance induction, as

initial mixed chimersim was achieved in all patients and

no GVHD was observed.

Step 3: clinical trials for induction of tolerance to

solid organ allografts via induction of mixed

lymphohematopoietic chimerism

Beginning with the observations of Owen [74] more

than 60 years ago, it has been known that mixed hema-

topoietic chimerism, when established in the fetus or

neonate, leads to transplantation tolerance. It was later

demonstrated that mixed allogeneic chimeras produced

by reconstitution of lethally irradiated adult mice with a

mixture of T-cell-depleted allogeneic and host-type mar-

row were specifically tolerant of donor tissue grafts, with

full immunocompetence that was superior to that of full

allogeneic chimeras [75]. Unfortunately, the potential

toxicity of this regimen and the greater difficulty achiev-

ing engraftment of T-cell-depleted MHC-mismatched

marrow in humans made it unsuitable for the clinical

application of tolerance induction. In the mid-1970s

Monaco et al. for the first time used anti-lymphocyte

globulin (ALG) for induction therapy in renal transplan-

tation, which was followed by conventional immunosup-

pression with prednisone, azathioprine and donor BM

cell infusion. This so-called ‘Monaco model’ was then

tested in a landmark trial by Barber et al. who analyzed

57 cadaveric renal allograft recipients who received qua-

druple immunosuppression with ALG, cyclosporine, aza-

thioprine and prednisone. These patients were compared

to 54 kidney recipients receiving the contralateral organ

of the same donors with identical immunosuppression,

but no BM infusion [76]. The differences were striking:

three graft losses and one chronic rejection in the BM

group, 13 graft losses and five chronic rejections in the

control group. Many more patients in the BM group

could be tapered off prednisone, but operational toler-

ance with the ability to discontinue all immunosuppres-

sion was not demonstrated. Since then, and nurtured by

the microchimerism theory of Starzl et al. [77], many

trials have been performed in attempts to induce donor-

specific hyporesponsiveness via donor BM infusion, not

only in kidney, but also liver, heart, lung and pancreas

transplantation. In general, good graft survival has been

achieved, perhaps with some reduction in chronic rejec-

tion, but clear-cut benefits of additional BM or periph-

eral stem cell infusion have not been demonstrated

[76,78].

Currently, we are aware of three centers who systemati-

cally applied a reduced intensity conditioning regimen

followed by HCT for tolerance induction to living-donor

kidney allografts as well as one center using a similar

approach for living-donor liver allografts. The results are

described below and summarized in Table 2.

Strober et al. expanded their experience with the TLI

protocol to HLA-mismatched combined kidney and HCT

using mobilized CD34+ peripheral stem cells instead of

BM, together with TLI and ATG. This treatment was fol-

lowed by maintenance immunosuppression with cyclo-

sporine and prednisone, which was gradually tapered over

time. In 2008, this group reported on six patients treated

with this protocol, five of whom achieved multilineage

macrochimerism with up to 16% donor-derived cells in

peripheral blood mononuclear cells and no GVHD

[62,79]. Chimerism was lost in all five patients within the

first 3 months. However, two of them developed donor-

specific unresponsiveness as measured by MLR. These

two patients were weaned of all immunosuppression and

developed Banff grade I cellular rejection within 5 months
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after discontinuation of immunosuppressive drugs. They

were subsequently maintained on low dose immunosup-

pression. Thus, although maintenance immunosuppres-

sion was reduced compared to standard kidney

transplantation, operational tolerance was not achieved

with this regimen [62,80]. Based on this experience, this

group tested a similar protocol for HLA-matched com-

bined kidney and BMT. Three patients were involved in

this study so far, and one of them achieved stable mixed

chimerism and operational tolerance for 2 years after

transplantation. Another patient developed only transient

mixed chimerism and suffered from mild rejection after

weaning of immunosuppression. The third patient did

not develop any chimerism and had recurrent focal and

segmental glomerulosclerosis in the transplant. Therefore,

this patient was not weaned from immunosupression

[62,81].

Based on their nonhuman primate data and the clini-

cal data in patients with hematologic malignancies dis-

cussed above, the team at Massachusetts General

Hospital launched two tolerance trials for combined kid-

ney and BM transplantation, both sponsored by the

Immune Tolerance Network (ITN). The first trial

involved patients with end-stage renal disease due to

multiple myeloma – a patient group that is usually not

considered for HCT due to poor general health – based

on the idea that concomitant BMT might not only allow

establishment of immunologic tolerance, but might also

produce a ‘graft-versus-myeloma’ effect, as suggested by

the results in patients with refractory hematologic malig-

nancies described above. The tolerance protocol included

myelosuppressive treatment with cyclophosphamide,

T-cell depletion with equine ATG and 7 Gy TI followed

by combined renal allograft and BM transplantation

from the same HLA-identical related donor, with a very

short course of post-transplant cyclosporine (ca.

60 days). Results from six patients have been published

so far, with follow-ups from 3.5 to 9 years. Four of these

patients were transplanted under a protocol sponsored

by the ITN. All six patients achieved initial macrochim-

erism. Two of six developed full donor chimerism (one

spontaneously, one after DLI) and both developed

GVHD. One of them returned to dialysis after 2 years

due to recurrence of myeloma kidney. The other four

patients lost their BM grafts within 3 months, but

retained the kidneys between 2.5 and 9 years of follow-

up [17,82,83]. Detailed in vitro studies performed on

these patients revealed a state of ‘split tolerance’, in

which recipient T cells did not respond to donor renal

tubular epithelial cells, but in some cases showed sensi-

tized responses to minor histocompatibility antigens

expressed on donor hematopoietic cells during and

following their rejection [17]. These intriguing resultsT
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support a role for the renal allograft itself in the mainte-

nance of operational tolerance, as has been reported in

the monkey model [84].

Although these results were very encouraging, they

were not widely applicable, as only very few patients in

need of an allograft have a suitable HLA-identical living

donor, and GVHD is not an acceptable risk in patients

who do not have malignant disease. However, in the

meantime the MGH group published the above-men-

tioned trial of haploidentical HCT using the anti-CD2

mAb siplizumab [73]. The first cohort of four patients

reported in this trial all lost their BM graft and had no

GVHD. Therefore, this protocol was considered safe for

evaluation in a clinical trial for organ tolerance and was

used as the basis a for second ITN clinical tolerance trial,

in this case for combined kidney/BM transplantation

from haploidentical related donors in recipients without

malignant disease [85]. This was further justified by the

large animal data discussed above, in which renal allo-

graft tolerance was achieved in the presence of only tran-

sient chimerism. In this trial, five patients have been

transplanted. The follow-up is about 2 to more than

5 years after transplant. Four of five patients have been

successfully taken off their initial immunosuppressive

monotherapy with calcineurin inhibitor, and have had

stable, normal graft function off immunosuppression for

1–4.5 years. One patient lost his graft early to a severe

antibody-mediated rejection which occurred within

2 weeks after the combined transplant. Because of the

experience with this patient and with three of the other

patients, who developed an engraftment syndrome [86]

that was associated with allograft dysfunction in two, pre-

transplant rituximab and postoperative corticosteroids

(for 10 days) were added to the protocol. In vitro analy-

ses revealed the progressive development of donor-spe-

cific unresponsiveness in both MLR and CML assays

(with robust third party responses) in all four patients

who have accepted their grafts without immunosuppres-

sion, suggesting a state of systemic tolerance. While the

exact mechanism of tolerance is not currently under-

stood, comparison of these results with in vitro assays on

patients with hematologic malignancies who received

BMT without a kidney transplant, with a similar

conditioning regimen, strongly implicates the kidney as

playing a role in the achievement of tolerance. The

patients who received BMT without a kidney transplant

showed stronger anti-donor than anti-third party

responses following the loss of chimerism [20]. This is

the first trial with successful intentional induction of

tolerance to an organ allograft across HLA barriers.

Intragraft levels of FoxP3 relative to Granzyme B

mRNA were increased in tolerant patients compared to

patients on immunosuppression, raising the possibil-

ity that regulatory T cells might play a role in tolerance

[85].

A third group, led by Trivedi et al. at the Institute of

Kidney Diseases & Research Centre in Gujarat/India, has

reported on successful tolerance induction with a proto-

col including intrathymic transplantation of donor renal

tissue, two donor-specific transfusions and high-dose

HCT (applied to peripheral and portal circulation as well

as intra-bone injection). They used a reduced intensity

conditioning regimen including cyclophosphamide, T-cell

depletion with ATG and localized low dose irradiation

(abdominal and inguinal lymph nodes, thoracolumbar

vertebrae and part of the pelvis). Renal transplantation

was performed after a documented negative cross-match.

If donor-specific antibodies were detected, a desensitiza-

tion protocol including intravenous immunoglobulin and

plasmapheresis was applied. Sixty-six consecutive patients

scheduled for a living-donor kidney transplant were

randomized to receive either this tolerance protocol or

standard kidney transplantation followed by triple

immunosuppression [87]. The tolerance group achieved

significantly better kidney function. By the time of the

report, four patients were completely weaned of all

immunosuppression with no rejection up to 210 days.

However, no details on chimerism and GVHD or any

functional immunologic assays were reported. The lack of

detail in reporting this trial is of some concern, as this

regimen is quite invasive. Specific information on

therapy-related side effects (morbidity or mortality) or on

the nature of the ‘tolerance status’ achieved was not

included in the report and the possibility of chronic

allograft failure remains.

Recently, Donckier et al. [88] at the Université Libre de

Bruxelles/Belgium reported on the first two patients trea-

ted with a nonmyeloablative protocol for tolerance induc-

tion to living-donor liver allografts. The rationale for this

treatment was a recurrent and unresectable tumor (one

hepatocellular and one cholangiocarcinoma) in both cases

with the intention to remove the tumor by total liver

resection and then allow for an anti-tumor response

against residual tumor cells by using a tolerance protocol

with early withdrawal of all immunosuppression. The

protocol included cyclophosphamide as myelosuppressive

treatment, T-cell depletion with ATG and HCT with

mobilized CD34+ peripheral blood stem cells (PBSCs) fol-

lowed by a liver allograft 40 and 55 days later, respec-

tively. Immunosuppression was stopped early (day 90 in

patient 1 and day 28 in patient 2). Patient 1 had transient

chimerism and developed donor-specific hyporesponsive-

ness when assessed by interleuin-2 transcription in MLR.

In contrast, patient 2 had no measurable chimerism and

showed global hyporesponsiveness, so specific tolerance

could not be assessed. Unfortunately, both patients devel-
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oped tumor relapse, from which patient 1 died 1 year

after transplant. To the best of our knowledge, this is the

first patient intentionally made tolerant to a liver allograft

by a nonmyeloablative mixed chimerism protocol.

Conclusions and outlook

More than 60 years after Owen’s observation that sponta-

neous mixed lymphohematopoietic chimerism leads to

donor-specific tolerance of tissue allografts, this approach

to tolerance induction has now been used intentionally to

achieve clinical organ allograft tolerance. A large body of

immunologic studies in rodents and in large animal mod-

els has laid the foundations for an understanding of toler-

ance mechanisms associated with mixed chimerism, but

much remains to be learned. In several centers, the safety

data obtained through the successful treatment of patients

with hematologic malignancies with nonmyeloablative

reduced intensity HCT protocols have allowed their appli-

cation in attempts at tolerance induction. In general

terms, the protocols evaluated in the clinical setting share

the following three elements:

1 Myelosuppressive treatment to allow for donor hema-

topoietic cell engraftment (either by chemotherapy, TLI

or TBI).

2 Immunosuppressive treatment to prevent GVHD and

rejection (pretransplant with TLI, TBI and T-cell deple-

tion via TI, polyclonal Ab such as ATG or mAb such as

siplizumab; post-transplant with further antibody treat-

ment and/or a limited course of nonspecific immunosup-

pressive therapy).

3 HCT (either with BM, CD34+ PBSCs or a combina-

tion of both).

This research has led to the following conclusions: (i)

Clinical tolerance induction by induction of mixed chi-

merism using reduced intensity conditioning is feasible;

(ii) a reliable regimen to induce stable mixed chimerism

across HLA barriers in humans has not yet been estab-

lished; and (iii) to achieve tolerance to kidney (and prob-

ably also liver) allografts, chimerism is required, but

transient chimerism is sufficient and is associated with a

low risk of GVHD. However, a tolerant state fully relying

on peripheral and, at least for a time, nondeletional toler-

ance mechanisms, might be expected to be susceptible to

perturbation by events associated with immune activa-

tion, such as infections.

Therefore, future developments on this promising

approach for tolerance induction may include advances in

the following areas:

1 Development of even less toxic conditioning regimens

would allow a broader applicability of such protocols. A

more detailed understanding of peripheral tolerance

mechanisms and the role of HCT in their development

should allow the design of more efficient and less toxic

conditioning regimens (e.g. by inclusion of mAb treat-

ments to block costimulation and/or cell adhesion).

2 Establishment of a protocol to achieve stable mixed

chimerism would be desirable, as only this approach will

lead to life-long central deletion of donor-reactive cells in

the thymus, achieving a robust and well-understood

donor-specific tolerant state. Animal experiments investi-

gating the influence of inflammation on allograft tolerance

suggest that a tolerance mechanism relying purely on

peripheral tolerance mechanisms may be more susceptible

to disturbances, e.g. in the context of infections [89–91].

Furthermore, the persistence of a population of donor

hematopoietic cells comes with the risk that host-restricted

virus-specific CTL will be unable to clear virally infected

donor cells, which may lead to significant adverse effects

[92]. However, the presence of shared MHC alleles between

donor and recipient can overcome this problem [93].

3 Recent successes in tolerance induction by HCT after

organ transplantation would allow the use of such an

approach in a large population of already-transplanted

patients for whom a live donor is still available [37,94].

4 Development of new approaches to assess the tolerant

state in a biologically meaningful way to know precisely

when immunosuppression can be safely reduced and

eventually stopped.

Taken together, mixed chimerism induction using

reduced intensity HCT protocols has been the first and so

far the only successful approach to inducing donor-spe-

cific tolerance to organ allografts in humans, and research

in the coming years will most likely lead to increased

safety and therefore broader applicability of such proto-

cols for other patient populations and also for other

organs besides the kidney.
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