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Background
Allogeneic stem cell transplantation is associated with a powerful ‘graft-versus-leukemia’ effect
that is generally considered to result from an alloreactive T-cell immune response. However,
disease remission can also be observed after syngeneic transplantation and we investigated
whether a T-cell immune response to cancer-testis antigens can be detected in patients in the
post-transplant period.

Design and Methods
The T-cell immune response against cancer-testis antigens was studied in a cohort of 41
patients who underwent allogeneic stem cell transplantation for the management of acute
myeloid leukemia or multiple myeloma. The cytokine secretion assay was combined with
magnetic selection to allow detection of an interferon-γ-secreting T-cell response to a panel of
cancer-testis antigen peptides. 

Results
A cancer-testis antigen-specific CD8+ T-cell immune response was observed in the peripheral
blood of five patients with an average magnitude of 0.045% of the CD8+ T-cell repertoire. Four
of these patients had undergone reduced intensity conditioning transplantation with alem-
tuzumab for the treatment of acute myeloid leukemia and three remain in long-term remission.
T-cell immunity was focused against peptides derived from MAGE proteins and was marked-
ly increased within the bone marrow.

Conclusions
Functional cancer-testis antigen-specific CD8+ T-cell immune responses develop in the early
period following reduced intensity allogeneic stem cell transplantation and are preferentially
localized to bone marrow. These immune responses are likely to contribute to the cellular basis
of the graft-versus-leukemia effect. 
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leukemia effect.
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Introduction

Allogeneic stem cell transplantation is used widely in
the management of hematologic malignancies but the
frequency of disease relapse remains a major challenge.
The ‘graft-versus-leukemia’ (GvL) effect of allogeneic
transplantation results from the recognition of host
tumor cells by the donor immune system1-4 and an
improved understanding of the cellular targets of this
response would facilitate the development of novel
immunotherapeutic approaches. 
The magnitude of the GvL effect is related to the

degree of histoincompatibility between the donor and
recipient and this has focused interest on minor histo-
compatibility antigens as the predominant target for T
cells which mediate allogeneic immune responses.5-7
However, it is now appreciated that GvL responses may
also be observed in the setting of syngeneic transplanta-
tion in which there is no genetic mismatch between
donor and recipient8 and this has concentrated attention
on the possibility that stem cell transplantation may be
associated with immune responses against ‘tumor-spe-
cific’ antigens.9
Cancer-testis antigens (CTAg) are proteins whose

physiological expression is restricted to germline tissue
and are, therefore, not exposed to the systemic immune
system so that immunological tolerance is not estab-
lished. CTAg expression is often observed in malignant
cells and may reflect induction of a ‘germline transcrip-
tion’ profile during cell transformation.10-13 CTAg-specific
humoral and cellular immune responses have been
reported in patients with a variety of solid tumors14-16 and
there is increasing interest in their potential role in
hematopoietic malignancies.17-21
CTAg may also represent an important target for the

GvL effect of allogeneic transplantation and antibodies to
CTAg proteins have been demonstrated in patients who
have undergone stem cell transplantation for the treat-
ment of myeloma.21 A T-cell response to the CTAg protein
NY-ESO was also observed in one patient in this cohort
but this was coincident with disease relapse. In this study
we screened 41 patients for the presence of a CD8+ T-cell
immune response to CTAg peptides in the post-transplant
period and related this to clinical outcome. Such immune
responses were observed in five patients and, when pres-
ent in the early period after transplantation, were associat-
ed with long-term disease control.

Design and Methods

Patients
Forty-one patients with a primary diagnosis of acute myeloid

leukemia (AML) or multiple myeloma (MM) who were under-
going allogeneic stem cell transplantation were studied. Written
informed consent was obtained prior to enrolment in the study
and appropriate ethical approval was obtained from the South
Birmingham Regional Ethics Committee. Thirty-five patients
had a diagnosis of AML, while the remaining six were undergo-
ing treatment for MM. Twenty patients received a myeloabla-
tive conditioning regimen consisting of cyclophosphamide (60
mg/kg x 2 days) and 14.4 Gy total body irradiation, and 21
received a reduced intensity conditioning regimen incorporat-
ing fludarabine (25 mg/m2 x 5 days), alemtuzumab (140 mg/m2)
and melphalan (10 mg x 5 days) (Table 1).

Patients’ samples
Heparinized peripheral blood samples of 50 mL were taken

prior to the transplant and then at several time points in the
post-transplant period. Bone marrow samples were obtained at
the time of routine clinical monitoring and mononuclear cells
were isolated from all samples by density gradient centrifuga-
tion using Lymphoprep (Nycomed, Oslo, Norway). All assays
were carried out using freshly isolated peripheral blood  or bone
marrow samples.

Detection of cancer-testis antigen-specific T cells
A panel of 20 peptides (Alta Biosciences, Birmingham, UK) from

ten CTAg gene families was chosen on the basis of having been
previously identified as T-cell epitopes (as detailed on the website
of the Academy of Cancer Immunity) and also shown to have
RNA expression in AML and/or MM.22,23 The peptides, their HLA
restriction and gene derivation are detailed in the Online
Supplementary Table S1. Peptide-specific T cells were identified
from peripheral blood mononuclear cells using detection of inter-
feron-gamma (IFN-γ) cytokine secretion and an enrichment assay
kit (CSA, Miltenyi Biotec, Bergisch Gladbach, Germany) according
to the manufacturer’s instructions. Freshly isolated peripheral
blood mononuclear cells were seeded into wells of tissue culture
plates (Iwaki) in RPMI 1640 media (Invitrogen) supplemented with
10% human serum (H+D Supplies) and L-glutamine (Invitrogen) at
a cell density of 1¥107/mL and left overnight without stimulation
at 37°C in 5% CO2. Peptides were then added either individually
or in pools of not more than six at a final concentration of 10
mg/mL. An equivalent volume of dimethylsulfoxide (Sigma, UK)
was added to a negative control well which was then used to
determine gate positioning for FACS analysis, as shown in Figure
1. Staphylococcal enterotoxin B (Sigma, UK) was used as a positive
control at a concentration of 1 mg/mL. Following a 3-h stimulation
period, the cells were labeled for 5 min with IFN-γ catch reagent
and incubated under continuous rotation for 45 min at 37°C. The
cells were then labeled with IFN-γ detection reagent conjugated to
a phycocerythrin fluorochrome, followed by anti-phycoerythrin
magnetic beads. Magnetic selection was carried out either manu-
ally using MS columns (Miltenyi Biotech) for double positive selec-
tion, or using the equivalent “posseld” selection program on an
autoMACs (Miltenyi Biotech). Pre- and post-selection samples
were labeled with CD4-fluorescein isothiocyanate, CD8-phyco-
erythrin cyanin 5.1 monoclonal antibodies (Beckman Coulter,
High Wycombe, UK) and propidium iodide (1 mg/mL, Sigma, UK)
to exclude dead cells. Flow cytometric analysis was carried out
using either a Beckman Coulter XL-2 flow cytometer (Beckman
Coulter, High Wycombe, UK) with WinMDI software for analysis
(Scripps Institute, La Jolla, USA) or a BD LSRII with FACS DIVA
analysis software (BD Biosciences). The percentage of antigen-spe-
cific T cells in the CD4+ or CD8+ pool was calculated using the
number of cytokine-secreting cells in either the positively selected
fraction or pre-selected samples gated on CD4+ or CD8+ cells with-
in the peripheral blood mononuclear cells. Any IFN-γ-secreting
cells detected in the unstimulated negative control were consid-
ered to be background and subtracted from the frequency of cells
producing IFN-γ following peptide stimulation.

Results

Cancer-testis antigen-specific CD8+ T-cell responses
can be detected in patients following stem cell 
transplantation

The IFN-γ cytokine secretion assay was used to identi-
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fy CTAg-specific T-cell responses to a panel of 20
immunodominant peptides derived from ten CTAg
genes (Online Supplementary Table S1). Peptides were
selected on the basis that they were derived from pro-
teins for which RNA expression had previously been
demonstrated in AML and/or MM, and immunogenicity
had been previously documented in patients with solid
tumor malignancies.24 Peripheral blood lymphocytes
were isolated from patients at several time points follow-
ing transplantation and were stimulated with CTAg pep-
tides appropriate to the HLA genotype of the patient.
Overall, CTAg-specific CD8+ T cells were identified in

five patients who were screened at a wide variety of
time points in the post-transplant period. The frequency
of the CTAg-specific CD8+ T-cell response was variable
and ranged between 0.0005% and 0.2% of the total
CD8+ T-cell pool. The mean frequency of responses was
0.045%, which equates to approximately 1 in 2000 CD8+
T cells and is comparable to the magnitude of many
virus-specific immune responses. Of the 20 patients who
received reduced intensity conditioning with alem-
tuzumab, four had detectable CD8 responses to CTAg
peptides, whereas of the 21 who underwent myeloabla-
tive conditioning only one had CTAg-specific CD8
(Figure 2).
The majority of CTAg-specific immune responses

could be detected without the requirement for magnetic
enrichment, although selection was used to increase the
reliable sensitivity of the IFN-γ cytokine secretion assay
down to 0.0001%.25 If a CTAg-specific response was
only apparent after magnetic selection then the precursor
frequency was calculated on the basis of the post-selec-
tion sample, although this approach tends to underesti-
mate the true value due to cell loss during selection. An
example of flow cytometric analysis before and after

magnetic enrichment is shown in Figure 1. These
responses could be detected serially in some cases and
the absolute magnitude of the response varied at differ-
ent time points in the post-transplant period. 
Patients were recruited to the study at a range of dif-

ferent time points in the post–transplant period (Figure 2)
and the association between CTAg-specific immunity
and time post-transplant is discussed below.

Cancer-testis antigen-specific CD8+ T-cell responses
were observed in two patients with long-term 
disease-free survival
CTAg-specific CD8+ T cells were detected in two

patients within the first year following transplantation
and both of these had undergone reduced intensity con-
ditioning allografting for AML (Figure 3). AML patient
189A (Figure 3A) had a T-cell response to peptide RAGE-
111-20 and also to the peptide pool comprising MAGE-
C2336-344/MAGE-A1289-298. These responses were observed
at 9 weeks post-transplant which was the first time point
of analysis. Of note, the patient had suffered from grade
IV graft-versus-host disease (GvHD) of the skin 3 weeks
after transplantation and this had been treated with oral
prednisolone. The T-cell response to RAGE-111-20 was
present at five separate times of analysis until 51 weeks
post-transplant although the magnitude of the response
was variable and was undetectable on four occasions.
Cyclosporine A treatment had been discontinued at 27
weeks post-transplantation and this coincided with a
transient increase in the RAGE-specific T-cell response
(Figure 3A). 
CTAg-specific T cells were detected in patient 235A at
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Table 1. Clinical characteristics of the patients undergoing stem cell
transplantation.

Age (years): median (range) 50 (23-63)
Gender, number (%)
Male 21 (51)
Female 20 (49)

Underlying disease, number (%)
Acute myeloid leukemia 35 (85.4)
Multiple myeloma 6 (14.6)

Transplant type, number (%)
Myeloablative
Sibling 14 (34.2)
Unrelated donor 6 (14.6)

Non-myeloablative
Sibling 11 (26.8)
Unrelated donor 10 (24.4)

HLA-types of patients, number (%)
A1 20 (44.4)
A2 26 (57.7)
A3 11 (24.4)
A24 4 (8.8)
B7 16 (35.5)
B18 2 (4.4)
B44 17 (37.7)
Cw7 30 (66.6)
Cw16 4 (8.8)

Disease state, number (%)
Relapsed 8 (19.5)
Non-relapsed 33 (80.5)

Figure 1. Flow cytometric enumeration of frequency of CTAg
responding CD8+ cells. Following the IFN-γ cytokine secretion assay
and enrichment, perioheral blood mononuclear cells incubated with
dimethylsulfoxide only during the stimulation period are shown,
prior to (A) and following (C) magnetic selection, along with IFN-γ
responses to MAGE-A2-212-220 prior to (B) and following (D) magnetic
selection. 
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17, 23 and 29 weeks after transplantation and this also
coincided with tapering of cyclosporine A therapy,
which was finally discontinued by 25 weeks. However,
at 20 weeks, no response was detected (Figure 3B). This
patient was one of 13 also screened prior to beginning
conditioning for transplantation, although no pre-trans-
plant responses were detected.
Importantly, patients 189A and 235A have remained in

remission since transplantation and now remain disease-
free at 52 and 37 months post-transplant, respectively.
Overall, there were 14 patients who were screened for
CTAg-specific immune responses on two or more occa-
sions within the first year post-transplant and who are
alive without relapses. As CTAg-specific T cells were

observed in two of these, we were able to demonstrate
immunity to this relatively limited CTAg peptide panel
in 14.3% of this group. Screening began on an addition-
al AML patient (138A) at 92 weeks post-transplant and a
T-cell response was observed against peptides MAGE-
C2336-344 and MAGE-A1161-169 but not detected thereafter
(data not shown). This patient has also remained relapse-
free during follow-up. 

Cancer-testis antigen-specific T-cell responses can
also be detected at the time of disease relapse
Our previous studies of CTAg-specific immunity in

patients with myeloma revealed that CD8+ responses are
often observed around the time of disease relapse and
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Figure 2. Summary of the
screening of all patients’
samples. The times of all
screens are shown in
weeks post-transplanta-
tion (y-axis). Assays in
which no responses were
seen are shown as black
squares and positive
responses are shown as
open circles. Samples
screened more than 165
weeks post-transplanta-
tion are indicated by a
number representing the
week at which the sample
was screened. A cross (†)
denotes time of death of
patients who died due to
relapse, and a letter R
shows when patients suf-
fered relapse but were
successfully treated and
have survived. The gray
area shows those patients
who received reduced
intensity conditioning.
Response frequencies in
patients 15 and 8 are
shown in Figure 3 (A and
B, respectively), and
patients 37 and 13 are
detailed in Figure 4 (A and
B, respectively). 

Figure 3. Responses to CTAg peptides were detected at various times post-transplantation in AML patients The frequencies over time of
CTAg-specific T cells in two AML patients who had responses are shown. The gray area indicates prophylactic tapered cyclosporine treat-
ment given during the early weeks following transplantation. Patient 189A (A) suffered grade IV acute graft-versus-host disease during week
7 post-transplantation which was treated with prednisolone. Patient 235A (B) had fluctuating responses between weeks 17 and 29 which
were undetectable at week 20 post-transplantation. 
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probably reflect immune response to increased tumor
load.19 A similar pattern was observed in patient 125M
with a diagnosis of MM who was initially studied more
than 2 years after stem cell transplantation with a mye-
loablative conditioning regimen. The serum paraprotein
level had risen at 124 weeks post-transplant and indicat-
ed the onset of disease relapse. The first CTAg analysis
was undertaken 10 weeks after this point and revealed a
broad CTAg peptide-specific immune response with
specificity for peptides in three different peptide pools
and included reactivity against the peptide MAGE-A2-212-
220. The patient was treated with thalidomide and the
next sample was taken at 143 weeks at which time the
magnitude of the MAGE-A2212-220 -specific response had
fallen by 60% and responses to other peptide pools were
not observed. Interestingly, the patient responded well to
thalidomide with a reduction in the paraprotein level and
no CTAg-specific immune response could be detected in
subsequent analyses (Figure 4A). 
Patient 172A with a pre-transplant diagnosis of AML

was screened from 38 weeks post-transplant and
responses were seen at 53 weeks to peptides MAGE-
A196-104, MAGE-A2212-220 and MAGE-A3167-176. At 55 weeks
the patient was diagnosed with a relapse of AML and
died shortly afterwards (Figure 4B). 

RAGE-1-specific T cells can be detected at higher 
frequency within bone marrow than within 
peripheral blood
Paired blood and bone marrow samples from patient

189A were obtained at 35 and 51 weeks post-transplan-
tation. T cells specific for RAGE-111-20 were detected by
the IFN-γ cytokine secretion assay and the frequency
was found to be up to seven times higher in bone mar-
row than in peripheral blood mononuclear cells. In
peripheral blood, at both 35 and 51 weeks, 0.0006% of
CD8+ T cells were specific for RAGE-111-20, whereas in the
bone marrow, the frequencies were 0.0021% at 35
weeks and 0.0042% at 51 weeks (Online Supplementary
Figure S1).

The cancer-testis antigen-specific CD8+ T-cell response
post-transplantation is preferentially focused 
on peptides derived from the MAGE family of proteins
Twenty CTAg peptides were used in this study and T-

cell responses within patients undergoing stem cell trans-
plantation were detected in response to six of these.
Interestingly, responses were focused on peptides
derived from the MAGE family of proteins and four
patients showed T-cell immune responses against pep-
tide MAGE-A2212-220 (Online Supplementary Figure S2).
Overall, CD8+ T-cell responses were observed against
peptides derived from the MAGE subfamily proteins A1,
A2, A3 and C2, and a strong immune response against
RAGE-1 was also observed in one patient. 

Discussion

Almost all experimental studies of GvL have focused
on minor histocompatibility antigens and the potential
role of ‘tumor-associated’ proteins has been relatively
ignored. CTAg are important targets in autologous can-
cer-specific immune responses and have the capacity to
contribute to the allogeneic GvL response. The develop-
ment of a humoral immune response against CTAg pro-
teins has been reported as a frequent event in patients
undergoing stem cell transplantation for MM, and T-cell
clones against NY-ESO have been reported in one patient
at the time of disease relapse.21
We studied CTAg-specific T-cell immunity in a large

cohort of patients undergoing allogeneic stem cell trans-
plantation for AML and MM, and observed CTAg-specif-
ic CD8+ T cells in five of the 41 patients. While this may
seem a relatively low frequency it must be appreciated
that the peptide pool only contains a small fraction of the
potential immune epitopes from CTAg proteins, and in
addition the potential relevance of each peptide is limit-
ed by the HLA genotype of the patient. As such the use
of a broader range of CTAg peptides would be expected
to facilitate the detection of many more CTAg-specific T-
cell responses within this group of patients. The magni-
tude of individual CTAg peptide-specific immune
responses averaged 0.045%, or around 1 in 2000 of the
CD8+ T-cell repertoire. This is comparable to the level of
T-cell response to many viral epitopes26 and indicates
that the immunogenicity of these proteins can be quite
considerable in this setting. The range of responses var-
ied between 0.0005% and 0.2% of the CD8+ T-cell pool
and suggests that individual peptides are likely to reflect
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Figure 4. Responses to CTAg peptides were detected post-transplantation in relapsed patients The frequencies over time of CTAg-specific T
cells in relapsed myeloma patient 125M are shown (A). The gray area indicates prophylactic tapered cyclosporine treatment given during
the early weeks following transplant. Paraprotein levels are plotted on the right-hand axis. CTAg-specific responses were detected in AML
patient 172A shortly before relapse (B). 
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either dominant or subdominant epitopes within each
patient. 
Interestingly, the strength of the CTAg-specific

immune responses also varied over time within individ-
ual patients and seemed to correlate with clinical events.
The reduction in prophylactic immune suppression after
stem cell transplantation is often associated with
increased allogeneic immune responses and in two
patients (189A and 235A) we were able to detect CTAg-
specific T cells immediately following cessation of
cyclosporine A  treatment. The magnitude of CTAg-spe-
cific immunity that is required for clinical efficacy is
unclear but in CTAg vaccine trials for metastatic
melanoma, tumor regression has been demonstrated
even though it is not always possible to detect tumor-
specific T cells. This has led to the belief that very low
numbers of T cells are required for an effective anti-
tumor response16,27 and the levels within our cohort of
patients are certainly in this range. In the setting of allo-
geneic transplantation it is well documented that
patients can achieve durable remissions on withdrawal
of immunosuppression.28
The CTAg-specific immune response in patient 235A

was interesting in that it fluctuated quite markedly in
magnitude. Two strong positive responses were seen at
weeks 17 and 29 post-transplantation but on two occa-
sions between these dates the response was much lower,
and in one case undetectable. The reason for this is
unclear but is possibly related to biological factors such as
T-cell homing and tissue distribution which frequently
results in some degree of fluctuation in T-cell responses.
However, although the IFN-γ cytokine secretion assay has
been validated in our laboratory, we cannot rule out the
possibility that the lack of a detectable response on that
occasion could have been due to a technical problem with
the assay. The IFN-γ secretion assay is a powerful tech-
nique but the sensitivity of detection that was required
for this study is at the limit of current technology.
Interestingly, all of the AML patients who developed

CTAg-specific immune responses had undergone
reduced intensity conditioning which includes the use of
alemtuzumab. This regimen is strongly immunosuppres-
sive and provides valuable prophylaxis against GvHD.
However, the clinical outcome for AML patients after
reduced intensity conditioning has been very encourag-
ing29 and it is tempting to speculate that induction of a
CTAg-specific immune response could provide one
explanation for this. 
Although our studies were performed largely on

peripheral blood samples, CTAg-specific T cells are only
likely to be effective in the control of hematopoietic
malignancies if they are able to enter the bone marrow.
We found that CTAg-specific CD8+ T cells were selec-
tively recruited to marrow such that their frequency was
up to seven-fold higher at this site. We have recently
described a unique ‘bone marrow homing’ chemokine
receptor profile on CD8+ T cells30 and in future studies it
will be important to determine the phenotype of CTAg-
specific T cells at these sites. Interestingly, a recent study
investigated T-cell immunity to the leukemia-associated
antigens WT1 and proteinase-3 in patients with myeloid
malignancy and also found higher frequencies in the

bone marrow than in peripheral blood.31
The major clinical question must relate to the potential

contribution of the CTAg-specific T-cell response to the
GvL effect. It seems clear that such responses were
induced as a result of the allogeneic transplant as no
immune response was observed in the 13 patients who
were screened prior to transplantation, and the magni-
tude of the CTAg-specific population was increased in
association with withdrawal of immune suppression in
two patients. CTAg-specific T cells have been shown to
have the capacity to kill primary tumor cells in vitro32 and
it is, therefore, tempting to speculate that such immune
responses do indeed contribute to disease control. 
However, CTAg-specific T-cell immune responses

were also seen in two patients at the time of disease
relapse. We have seen this pattern previously in patients
with MM and believe it reflects the response of CD8+ T
cells to increased availability of CTAg protein from
recurrent tumor.18 Interestingly, the allogeneic NY-ESO-
specific T-cell response reported by Atanackovic et al.
was also observed at the time of relapse of MM.21 Future
studies will need to address the phenotype and magni-
tude of T-cell responses in relation to relapse.
Interestingly, the AML patient in our study in whom we
detected a CTAg-specific CD8+ response at relapse had
very low levels of donor chimerism prior to relapse and
it will be important to address whether CTAg-specific
immunity at relapse reflects expansion of recipient-
derived T cells. 
Somewhat to our surprise, the majority of T-cell

responses were specific for peptides derived from MAGE
proteins. Although it was initially felt that MAGE was
not expressed in AML,33 mRNA expression has recently
been reported.34 The fact that MAGE expression is high-
ly restricted to germ cells and malignant tissue is likely to
dictate that MAGE-specific immune responses are mani-
fest as a GvL response rather than GvHD.35,36
In conclusion we have demonstrated frequent occur-

rence of CTAg-specific CD8+ T cells in patients following
reduced intensity stem cell transplantation. The associa-
tion between the early detection of such an immune
response and prolonged disease remission provides sup-
port for the concept that CTAg-specific immunity plays
an important role in GvL. Further studies are now indi-
cated to explore the potential for enhancing CTAg-spe-
cific immunity in the post-transplant setting. 
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