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H
igh-dose systemic chemotherapy or
chemoradiotherapy followed by allogeneic
haematopoietic cell transplantation (HCT)
can be an effective therapy for many patients
with otherwise fatal haematological

malignancies. Cure rates vary, but range from as high as
80% for patients with chronic myeloid leukaemia (CML)
treated during chronic phase to only 15–20% for patients
with acute leukaemia refractory to conventional
chemotherapy. Despite its limitations and toxicity,
allogeneic transplantation is sufficiently effective that it
was used to treat approximately 18,000 patients worldwide
last year alone.

The initial rationale for HCT came from laboratory and
clinical observations that most haematological malignan-
cies exhibit a steep dose–response reaction to alkylating
agents and radiation therapy. Because marrow toxicity is
dose limiting for many of these agents, by transplanting
pluripotent haematopoietic stem cells contained in bone
marrow or peripheral blood, it became possible to adminis-
ter far higher doses of therapy than was otherwise possible. It
has since become apparent that immunocompetent cells
transplanted with the stem cells, or arising from them, exert
a potent graft-versus-tumour effect independent of the
effects of the high-dose therapy.

Barnes et al. first suggested the existence of a graft-
versus-tumour (GVT) effect in 1956 when they noted 
eradication of leukaemia in irradiated mice receiving 
allogeneic marrow transplants, but not syngeneic 
transplants from identical twins1. The initial evidence for
such an effect in humans came from studies reporting that
relapse rates following allogeneic transplantation were
markedly less in patients who developed graft-versus-host
disease (GVHD) compare with those who did not2,3. 
Subsequent studies revealed that relapse rates are least in
patients who develop both acute and chronic GVHD, 
higher in those who develop no clinically evident 
GVHD, and higher still if T cells are depleted from the 
marrow graft or in recipients of twin transplants (see 
Fig. 1)4. Further verification of the GVT effect came from
efforts to treat patients for post-transplant leukaemic
recurrence by infusing donor lymphocytes in hopes of
inducing GVHD and an associated anti-tumour effect.
Somewhat surprisingly, sustained complete responses were
seen in most patients with CML, and in many patients with
other haematological malignancies5. With increased recog-
nition of the strength of the GVT effect and the recent
development of methods to better exploit it, clinical

research is beginning to focus on allogeneic HCT more as
an immunotherapeutic approach, rather than solely a 
vehicle to deliver high-dose therapy.

Histocompatibility and transplantation
Transplantation of allogeneic haematopoietic cells is
accompanied by reciprocal immunological reactions of the
graft against its new host and the host against the graft. The
human leukocyte antigen (HLA) system, which is the
human analogue of a multigene system known as the major
histocompatibility complex (MHC), is crucial in the 
development of these reactions6. Located on chromosome 6,
it spans more than 4 megabases and includes more than 200
genes. For allogeneic HCT, the most influential genes are
HLA-A, HLA-B and HLA-C, collectively referred to as class I
genes, and DRB1, DQB1 and DPB1, collectively referred to
as class II genes. The class I genes are expressed on virtually
all nucleated cells, whereas expression of class II genes is
restricted largely to cells of the immune system. These genes
are highly polymorphic; more than 125 HLA-A, 260 HLA-B,
75 HLA-C, 225 HLA-DRB1 and 40 HLA-DQB1 alleles have
been described7.

HLA molecules are fundamental in T-cell activation, as
they bind peptides and present them to T cells. HLA class I
molecules preferentially present peptides to CD8+ T cells,
whereas CD4+ T cells preferentially recognize peptides pre-
sented by HLA class II molecules8,9. The HLA molecules
themselves are termed major histocompatibility antigens
and T cells confronting non-identical HLA molecules react
vigorously. The peptides presented by HLA molecules may
come from external sources (for example, viruses), but
mostly they derive from endogenous proteins. During 
normal maturation of the immune system, tolerance 
develops to these ‘self ’ proteins. However, in the context of
organ transplantation, polymorphisms in these endoge-
nous proteins serve as sources of minor histocompatibility
antigens and form the basis of immunological non-identity
between HLA-matched individuals10.

The immunological non-identity between donor and
recipient has three main consequences for the use of 
allogeneic HCT as immunotherapy. First, after transplanta-
tion, the host may mount an immunological attack against
the graft, leading to graft rejection. Because engraftment is
required to exert a GVT response, methods to assure 
sustained engraftment are necessary. Second, immunocom-
petent cells in the graft can react against antigens of normal
host tissues, which can result in life-threatening or even fatal
GVHD. For the safe application of HCT, this reaction must
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be controlled. Third, the GVT effect has been closely intertwined
with the development of GVHD. If GVHD is to be controlled and the
GVT effect strengthened, strategies to separate the two are required.

Engraftment and non-myeloablative transplants
Studies performed more than three decades ago using outbred
species matched for major histocompatibility antigens found that
very high dose chemotherapy or systemic radiotherapy administered
to the recipient pretransplant was necessary to eradicate host T cells
sufficiently to prevent graft rejection11. Thus, until recently, most
transplant ‘preparative’ regimens included marrow-ablative doses of
therapy, not only for their anti-tumour effect, but also to ensure 
sustained engraftment. The intensity of these regimens limited the
application of transplantation to younger, relatively healthy patients
and made it difficult to distinguish the anti-tumour effects of the
graft from those of the intensive preparative regimen.

With the development of more specifically immunosuppressive
chemotherapeutic agents, such as fludarabine, and increased 
appreciation of the GVT effect, investigators have begun exploring
less intensive ‘non-myeloablative’ preparative regimens, for 
example, fludarabine with moderately high dose melphalan or
busulphan. Initial studies report sustained engraftment in recipients
of grafts from HLA-matched siblings, diminished toxicity compared
to conventional approaches, and long-term disease-free survival in a
proportion of patients12–14.

Although these studies focused largely on pretransplant cytotoxic
therapy to enable engraftment, post-transplant treatment of the graft
recipient with potent immunosuppression contributes significantly
to preventing graft rejection. One set of experiments is shown in 
Table 1. Using the model of DLA (the canine equivalent of HLA)-
identical littermates, Storb et al. showed that if no post-transplant
immunosuppression is given, dogs require 920 cGy total body irradia-
tion (TBI) to engraft. But if two potent immunosuppressive agents are
given post-transplant, the dose of TBI required to achieve engraft-
ment falls to 200 cGy, a dose far below that which causes bone marrow
aplasia15. These observations prompted studies of conditioning 
regimens of very limited intensity in humans, to determine whether,
as in animals, engraftment could be achieved with such low-dose 
therapy, and if so, what extent of tumour response would follow.

Initial clinical trials by our group involved patients who were not
candidates for conventional transplants because of age or other med-
ical problems, but who had haematological malignancies that were
otherwise appropriate for transplantation. The initial treatment plan
followed the animal model, and involved pretransplant treatment of
patients with 200 cGy TBI followed post-transplant by the adminis-
tration of mycophenolate mofetil and cyclosporine. Because occa-
sional cases of graft rejection were seen in the first cohort of patients,
low-dose fludarabine was added to the pretransplant regimen. Once
fludarabine was added, graft rejection ceased to be a problem. Results
in the first 109 patients have so far been reported16,17 . These patients
(median age 55) had a variety of otherwise incurable haematological
malignancies, but tolerated the transplant procedure well. Fifty-
seven percent were treated entirely as outpatients, with the remaining
requiring hospitalizations averaging approximately one week, as
compared with an average hospitalization of over one month with
conventional transplantation. The treatment-related death rate over
the first 3 months was 4.5%, substantially less than the 15–20% rates
seen in younger patients treated with conventional myeloablative
transplant regimens. Sixty-six percent of patients who had measur-
able tumour before transplant achieved a complete response with
this treatment. Responses were seen in virtually all categories of
haematological malignancy, but were most frequent and enduring in
patients with less rapidly proliferative diseases such as CML, chronic
lymphocytic leukaemia and nodular lymphoma, perhaps reflecting
the kinetics of the GVT response.

Non-haematological malignancies have also responded to similar
low-intensity transplant approaches. Childs et al. reported that 10 of

19 patients (53%) with metastatic renal-cell carcinoma exhibited 
disease regression, including three complete responses that have
endured for periods beyond 2 years18.

These studies show that engraftment of allogeneic haematopoiet-
ic cells can be achieved with very low dose therapy and can result in
pronounced anti-tumour effects. However, the procedure is also
accompanied by significant GVHD in approximately 50% of individ-
uals, and anti-tumour responses are frequently less than complete.
Thus, methods both to prevent GVHD and to augment the GVT
effect are required.

Induction of immunological tolerance
Because of the importance of HLA compatibility in the outcome of
transplantation, most allogeneic transplants have been between
HLA-matched individuals. Before 1980, this exclusively meant HLA-
matched siblings, but only one in three patients have such donors
available. Since that time, approximately 6.5 million normal individ-
uals have been HLA-typed as potential unrelated volunteer marrow
donors. This allows for the identification of HLA-matched unrelated
donors for over 50% of patients lacking matched siblings.

GVHD results from T cells transplanted with the graft or develop-
ing from it reacting with major or minor histocompatibility antigens
of the genetically different host. The development of clinically signif-
icant GVHD, although associated with a reduced risk of leukaemic
relapse, leads to poorer overall survival owing to the direct effects of
the disease and the consequences of the immunosuppression used to
treat it19. Conventional methods to prevent GVHD have relied on a
combination of the antimetabolite methotrexate given early after
transplant to kill donor T cells responding vigorously to host anti-
gens, along with cyclosporine, which blocks a calcium-dependent
signal-transduction pathway distal to engagement of the T-cell
receptor. Despite such prophylaxis, significant GVHD develops in
40% of patients transplanted from matched siblings and 70% of
recipients of matched unrelated transplants20.

The higher incidence of GVHD in recipients of unrelated trans-
plants has variously been ascribed to unrecognized incompatibilities
in major histocompatibility antigens or greater heterogeneity in
minor histocompatibility antigens. Before 1998, HLA typing was
largely dependent on serologic methods, which do not identify all
differences. More recently, studies have been conducted in which
HLA-A, -B, -C, DRB1 and DQB1 have been analysed at the allele level
using automated direct sequencing. These studies detected 
allele-level mismatches in over 30% of serologically matched
donor–recipient pairs21. Allele-level mismatching at class I antigens is
associated with an increased incidence of graft rejection, but has no
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Figure 1 Relapse rates following allogeneic and syngeneic marrow transplantation.

Relapse rates are least in patients who develop both acute and chronic graft-versus-

host disease (AGVHD&CGVHD), higher in those who develop no clinically evident

GVHD, and higher still if T cells are depleted from the marrow graft or in recipients of

twin transplants4.
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impact on GVHD, whereas mismatching at class II is associated with
increased GVHD without effect on graft rejection21,22. Overall 
survival is markedly less in patients with multiple class I allele-level
mismatches and in those with both class I and class II mismatches.
Although allele-level matching should improve survival, completely
matched donors will not be available for all patients, and so efforts are
being made to identify those mismatches that are permissive and not
associated with increased GVHD or graft rejection.

A substantial amount of work has focused on T-cell depletion
(TCD) of the donor stem-cell graft as a method of preventing
GVHD23. A number of techniques exist for removing T cells, most of
which use antibodies (complement mediated lysis, immunotoxins
and immunomagnetic beads) or physical methods (soybean lectin
agglutination, counter-flow elutriation and albumin-gradient 
fractionation). Clinical studies using these approaches have shown
unambiguously that TCD markedly reduces the incidence and 
severity of GVHD. However, TCD is associated with an increased rate
of severe and often fatal infections, a higher incidence of graft 
rejection, and an increased risk of leukaemia recurrence. 

The increase in infectious complications is explained by studies
showing that very few CD4+ and CD8+ T cells develop from the trans-
planted stem cell over the first three months after transplant and,
therefore, T-cell immunity during this period is dependent on T cells
transplanted with the stem cells24. The increased incidence of graft
failure with TCD probably reflects the loss of the contribution that
donor T cells normally make in eradicating residual host immune
cells surviving the transplant preparative regimen. The increased
leukaemia relapse rate seen after T-cell depletion (Fig. 1) highlights
the importance of the T-cell response in eradicating malignancy. The
impact of TCD on graft rejection can be reduced by further intensify-
ing the preparative regimen with additional chemotherapy and
antithymocyte globulin25. To lessen the impact of TCD on infections
and leukaemia relapse, partial TCD, delayed re-infusion of donor
lymphocytes, and post-transplant administration of low-dose 
interleukin (IL)-2 are all being studied26–28.

As an alternative to TCD, techniques capable of inducing antigen-
specific tolerance shortly after allogeneic HCT are conceptually

appealing in that they would prevent GVHD without resulting in
profound post-grafting immunosuppression. One approach to the
development of antigen-specific tolerance builds on the observation
in murine models that exposure of antigen-activated T cells to anti-
bodies against the invariant CD3 domain of the T-cell receptor can
induce apoptosis specifically in activated cells, thereby preventing
GVHD29. Accordingly, a humanized non-FcR-binding anti-CD3
antibody, Hu291, has been developed and is now in clinical trials with
promising early results.

A second approach for the development of antigen-specific toler-
ance is based on the ‘two-signal model’ of T-cell activation. T-cell
activation requires not only stimulation of the T-cell receptor with its
appropriate antigen in the context of MHC, but also a second 
‘co-stimulatory’ signal provided by CD28 (Fig. 2). Experiments
showed that stimulation of T cells with antigen plus an activating
CD28 antibody in vitro induced IL-2 gene expression, whereas a
blocking anti-CD28 antibody caused inactivation of the IL-2 gene30.
And transplantation using CD28-knockout mice as donors resulted
in partial protection of recipients from lethal GVHD31. CD28 binds
to two ligands, B7-1 (CD80) and B7-2 (CD86) on antigen-presenting
cells (APCs)32. These ligands bind an additional T-cell antigen,
CTLA4, which is expressed only after T-cell activation. A soluble
CTLA4–immunogloblin fusion protein (CTLA4–Ig) has been pro-
duced as a competitive inhibitor blocking CD28–B7 interactions.
CTLA4–Ig blocks rejection of human pancreatic islet cells in mice
and induces long-term, donor-specific tolerance33. A possible 
shortcoming of CTLA4–Ig is that it may also block interactions of B7
and CTLA4 itself, which serves as a negative regulator of T-cell 
activation34. Thus, an alternative approach is to block CD28–B7
interactions directly using a CD28-specific antibody. In murine
models, one such antibody has been effective in preventing GVHD,
but this approach has yet to be tested in humans35,36.

Other studies have focused on the role of inflammatory cytokines
and host APCs in the pathogenesis of GVHD. The intense preparative
regimens administered before transplantation and subsequent infec-
tions induce secretion of tumour-necrosis factor (TNF)-a, IL-1 and
other pro-inflammatory cytokines from APCs and other host tissues,
which amplify subsequent alloimmune reactions and lead to greater
GVHD37. In murine models, this reaction can be substantially
blocked by using specific cytokine antagonists such as IL-1-receptor
antagonist or antibodies to TNF, which has led to similar trials in
humans. Furthermore, although donor APCs can cross-present host
antigens, they seem to do so less effectively than host APCs. Thus,
pretransplant elimination of host APCs capable of presenting host
antigens via the endogenous pathway can reduce GVHD in murine
models38. Unfortunately, no practical method exists to accomplish
this in humans.

Segregating anti-tumour from anti-host reactions
The potency of the GVT effect, coupled with the direct demonstra-
tion of complete tumour responses following infusion of donor T
cells for post-transplant relapse, has fuelled interest in the 
development of T-cell therapy to treat haematological malignancies.
Clinical trials, in which T cells specific for cytomegalovirus (CMV),
human immunodeficiency virus, Epstein-Barr virus and melanoma
antigens were adoptively transferred, have established the safety of
this approach and demonstrated that transferred T cells can persist in
vivo, migrate to sites of antigen, and exert effector function. For
example, using CMV immunity as a model, Riddell et al. isolated
CMV-specific CD8+ T cells from marrow donors pre-transplant,
expanded the cells in vitro, and administered the cells to marrow
transplant recipients, which led to reconstitution of potentially 
protective T-cell immunity to CMV39,40. Thus, many of the 
principles required for successful adoptive T-cell therapy have been
established. The main challenge now is the identification of 
antigens that can be used to effectively separate anti-tumour from
anti-host reactions.
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Two general categories of antigens capable of serving as targets for
T-cell therapy are currently under study — polymorphic minor histo-
compatibility antigens, and antigens associated with the malignant
phenotype. As noted in Fig. 1, the GVT effect can occur in the absence
of GVHD, indicating that a subset of minor histocompatibility anti-
gens (mHAgs) expressed by leukaemia cells and recognized by donor
T cells are not expressed by the non-haematopoietic tissues that are
targets of GVHD. Thus, one general strategy to segregate GVT from
GVHD is to identify polymorphic minor histocompatibility antigens
that are differentially expressed by haematopoietic and non-
haematopoietic tissue. Such antigens should be able to serve as targets
for post-transplant donor-derived T-cell therapy aimed at ablating all
normal and malignant lymphohaematopoietic cells of the host.

In an effort to identify relevant minor histocompatibility anti-
gens, Goulmy and Engelhard used a biochemical approach involving
the elution of peptides from class I MHC molecules, separation of
peptide fractions by high-performance liquid chromatography,
identification of fractions that reconstitute T-cell recognition when
pulsed onto target cells, and sequencing of the recognized peptides by
mass spectrometry41,42. Five human mHAgs have been identified by
this approach, three of which are broadly expressed and thus likely to
serve as targets both for GVHD and for GVT, and two that seem to be
expressed selectively by haematopoietic cells and thus could serve as
targets for a GVT-specific response43,44. Riddell and Warren have used
cell-culture techniques to isolate CD8+ mHAg-specific T-cell clones
from allogeneic HCT recipients, and have characterized 38 previous-
ly undescribed mHAgs45,46. A substantial number of these antigens
seem to be restricted in their expression to haematopoietic tissues, as
T-cell clones lyse recipient cells of haematopoietic origin but not
recipient fibroblasts.

Acute myeloid leukaemia (AML) consists of a hierarchy of cells
with different capacities for self-renewal. Transplantation of human
AML into NOD/SCID mice has identified a potential leukaemia stem
cell, termed the SCID leukaemia-initiating cell47. Whether any 
specific mHAg identified by existing screening will be expressed by
the patient’s leukaemic stem cell is uncertain, but can be inferred by
measuring the ability of T cells specific for such an antigen to 
eliminate human AML in the NOD/SCID mouse. When this was 
tested, outgrowth of AML was specifically prevented48.

Clinical trials testing the safety and efficacy of T-cell clones specif-
ic for mHAgs have been initiated for patients with leukaemia in
relapse after allogeneic transplantation. Because it is not possible to
screen all normal tissues for expression of the targeted antigen, T-cell
clones for initial infusion have been transfected with a herpes simplex
thymidine-kinase suicide gene. Early results suggest that administra-
tion of such cells can be associated with achievement of complete
remission without necessarily augmenting GVHD (ref. 44, and S. R.
Riddell,  personal communication).

Although polymorphic minor histocompatibility antigens are
rational targets for separating GVT from GVHD, they will always
require the context of allogeneic HCT for their use. An alternative
approach is to identify antigens associated with the malignant phe-
notype. Such antigens could serve as targets for T-cell therapy, not
only following allogeneic transplantation, but also in other settings.
Candidate antigens can be classified as: (1) mutational, such as
Bcr/Abl, which should be tumour specific; (2) viral, such as human
papillomavirus in cervical cancer, which should also be tumour 
specific; (3) tissue specific, such as prostate-specific antigen in
prostate cancer, where destruction of normal tissue is permissible;
(4) germ-cell antigens, such as the melanoma-associated antigen
family, normally expressed in adults only in the testes; and 
(5) overexpressed self-proteins, which may be recognized based on
increased levels of presentation. The immunogenicity of such anti-
gens is influenced by many factors, including level of protein expres-
sion, the peptide sequences resulting from intracellular processing,
and the ability of these peptides to be presented by class I molecules.
Host responses to such antigens may range from non-responsiveness

resulting from prior tolerance, to production of T cells of sufficient
avidity to selectively destroy targeted cells. 

Mutational antigens considered as targets for T-cell therapy include
Bcr/Abl in CML and PML/RARa in acute promyelocytic leukaemia.
However, reproducible generation of CD8+ T cells that recognize
leukaemia progenitor cells bearing these antigens has not yet been pos-
sible49,50. Normal proteins overexpressed in leukaemia progenitors may
provide alternative targets. Ideally, such antigens should be expressed
at substantially higher levels in leukaemia than in normal cells,
expressed by all leukaemia cells and be efficiently processed and 
presented by diverse HLA class I molecules. Two proteins that fit this
description, proteinase 3 (PR3) and Wilms’ tumour-suppressor
(WT1), have already been shown to elicit CD8+ responses.

PR3 is a neutral serine proteinase with expression largely restrict-
ed to the promyelocytic stage of myeloid differentiation51,52.
Although PR3 is not detected in normal haematopoietic stem cells, it
is expressed in freshly isolated leukaemia progenitors, particularly
from CML patients. CD8+ T cells specific for PR3 have been generat-
ed by stimulation of cells with a peptide predicted to bind to the A2.1
class I allele53,54. Such cells selectively lyse leukaemic blasts but not
normal bone marrow cells. CD8+ cytotoxic T lymphocytes (CTLs)
specific for this epitope were not detected in the peripheral blood of
normal individuals or in untreated CML patients, but they could be
found in the blood of CML patients who had been treated successful-
ly with allogeneic transplantation or with a-interferon, suggesting a
role for these cells in the anti-tumour response55.

WT1, a zinc-finger transcription factor, was initially described as
a tumour-suppressor gene in childhood Wilms’ tumour. WT1 is
abundantly overexpressed in most human leukaemia cells, including
AML, CML and acute lymphocytic leukaemia, with higher levels
associated with a worse prognosis56,57. Leukaemia cells express from
10- to >100-fold more WT1 protein than normal CD34+ cells. Stud-
ies indicate that T cells can distinguish this difference in protein
expression, as CD8+ CTLs generated against WT1 lyse leukaemic
CD34+ but not normal CD34+ cells, and inhibit growth of leukaemic
but not normal myeloid colonies58. Thus, like PR3, WT1 might serve
as a useful target for adoptive T-cell therapy. Development of gene
microarrays, which enable the expression of thousands of genes
simultaneously, should facilitate the identification of additional 
proteins that are overexpressed in leukaemia progenitors.

Success in the application of T-cell therapy will have important
implications for alternative strategies, particularly vaccine develop-
ment. Murine studies have, in fact, shown enhanced immune responses
to a vaccine based on granulocyte–macrophage colony-stimulating 
factor administered in the early post-transplant period, compared to
the non-transplant setting59. Direct T-cell transfer should greatly aid
vaccine development by defining the therapeutic efficacy of targeting
any specific antigen and any possible toxicity to normal tissues.

Summary
The ability to achieve complete haematopoietic engraftment without
intensive therapy will have a profound effect on the practise of 
allogeneic HCT. Rather than treating patients with high-dose 
preparative regimens to both eradicate the malignancy and prevent
graft rejection, efforts to capture the benefits of high-dose therapy can
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Table 1 Marrow grafts from DLA-identical canine littermates after TBI

TBI dose Postgrafting

(cGy) immunosuppression No. engrafted/No. studied

920 — 20/21

450 — 16/39

450 CSP 7/7

200 CSP 0/4

200 MMF/CSP 11/12

100 MMF/CSP 0/6

Abbreviations: TBI, total body irradiation; CSP, cyclosporine; MMF, mycophenolate mofetil.
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focus on developing treatments specifically targeted to tumour 
eradication and combining these with specific immunosuppression to
ensure engraftment. For example, studies are now underway combin-
ing high-dose monoclonal antibody-targeted radiotherapy with 
non-myeloablative transplant regimens60. Methods to induce antigen-
specific tolerance following transplantation promise to reduce GVHD
without producing severe prolonged immunodeficiency. Finally, and
perhaps most important, strategies now exist to segregate GVT from
GVHD. The identification of a modest number of polymorphic minor
histocompatibility antigens with expression limited to the lympho-
haematopoietic system should allow augmentation of the GVT
response in most patients transplanted for haematological malignan-
cies, either by adoptive transfer of T cells, or perhaps, vaccination of the
donor before transplant. If the adoptive transfer of T cells specific for
overexpressed tumour antigens proves safe and effective, as preclinical
experiments predict, this will encourage study of adoptive T-cell 
transfer in both transplant and non-transplant settings, and pave the
way for vaccine trials. Furthermore, with the rapid application of gene
microarray analyses, additional new candidate antigens will probably
become apparent for multiple tumour types. ■■
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