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Background
We previously showed that vaccination with one dose of PR1 and WT1 peptides induces tran-
sient anti-leukemia immunity. We hypothesized that maintenance of a sustained anti-leukemia
response may require frequent boost injections. 

Design and Methods
Eight patients with myeloid malignancies were enrolled in this phase II study, and 6 completed
6 injections of PR1 and WT1 peptides in Montanide-adjuvant with GM-CSF, every two weeks. 

Results
Both high- and low-avidity PR1 or WT1-specific CD8+ T cells were detected in all evaluable
patients after the first vaccine dose. Repeated vaccination led to selective deletion of high avid-
ity PR1- and WT1-specific CD8+ T cells and was not associated with significant reduction in
WT1-expression. Additional boosting failed to increase vaccine-induced CD8+ T-cell frequen-
cies further and in all patients the response was lost before the 6th dose. PR1- or WT1-specific
CD8+ T cells were not detected in bone marrow samples, excluding their preferential localiza-
tion to this site. Following a booster injection three months after the 6th vaccine dose, no high-
avidity PR1 or WT1-specific CD8+ T cells could be detected, whereas low-avidity T cells were
readily expanded. 

Conclusions
These data support the immunogenicity of PR1 and WT1 peptide vaccines. However, repeated
delivery of peptides with Montanide-adjuvant and GM-CSF leads to rapid loss of high-avidity
peptide-specific CD8+ T cells. These results may offer an explanation for the lack of correlation
between immune and clinical responses observed in a number of clinical trials of peptide vac-
cination. New approaches are needed to induce long-term high-avidity memory responses
against leukemia antigens. (ClinicalTrials.gov Identifier: NCT00499772)

Key words: PR1, WT1, vaccine, leukemia, immunotherapy.

Citation: Rezvani K, Yong ASM, Mielke S, Jafarpour B, Savani BN, Le RQ, Eniafe R, Musse L,
Boss C, Kurlander R, and Barrett AJ. Repeated PR1 and WT1 peptide vaccination in Montanide-
adjuvant fails to induce sustained high-avidity, epitope-specific CD8+ T cells in myeloid malignan-
cies. Haematologica 2011;96(3):432-440. doi:10.3324/haematol.2010.031674

©2011 Ferrata Storti Foundation. This is an open-access paper. 

Repeated PR1 and WT1 peptide vaccination in Montanide-adjuvant fails 
to induce sustained high-avidity, epitope-specific CD8+ T cells in myeloid 
malignancies
Katayoun Rezvani,1 Agnes S.M. Yong,2 Stephan Mielke,3 Behnam Jafarpour,2 Bipin N. Savani,4 Robert Q. Le,2

Rhoda Eniafe,2 Laura Musse,2 Carol Boss,2 Roger Kurlander,5 and A. John Barrett2

1Department of Hematology, Imperial College, Hammersmith Campus, London, UK; 2Stem Cell Allotransplantation Section,
Hematology Branch, National Heart Lung Blood Institute, National Institutes of Health, Bethesda, MD, USA; 3Division of Hematology
and Oncology, Department of Internal Medicine II, Department of Laboratory Medicine, Würzburg University Medical Center,
Würzburg, Germany; 4Department of Medicine, Vanderbilt University, Nashville Tennessee, and 5Clinical Center, National Institutes of
Health, Bethesda, MD, USA

ABSTRACT

432 haematologica | 2011; 96(3)



Introduction

Myeloid malignancies offer an attractive model to test
immunotherapeutic approaches in view of the striking evi-
dence that immunological graft-versus-leukemia (GvL)-reac-
tions efficiently eradicate malignant cells after transplant.
We previously demonstrated that vaccination with one sub-
cutaneous dose of two leukemia-associated antigens (LAA),
PR11-4 and WT14-10 peptides, in Montanide-adjuvant with
granulocyte-macrophage colony-stimulating factor (GM-
CSF) (study 06-H-0062), induced transient PR1 or WT1-spe-
cific CD8+ T cells associated with a significant but short-
lived reduction in minimal residual disease (MRD).11
We hypothesized that maintenance of a sustained anti-

leukemia response might require frequent boost injections
and initiated a phase II study of repeated PR1 and WT1 pep-
tide vaccination in patients with myeloid malignancies. We
report here that CD8+ T-cell responses against PR1 or WT1
were induced in all patients. However, repeated vaccination
led to selective deletion of high-avidity PR1 and WT1-spe-
cific CD8+ T cells with preferential expansion of low-avidi-
ty responses, not associated with significant reductions in
WT1-expression. These data may offer an explanation for
the lack of correlation between immune and clinical
responses reported in several clinical trials of peptide vacci-
nation in cancer.12,13 New vaccine approaches are needed to
induce long-term high-avidity memory responses against
tumor antigens.

Design and Methods

Clinical trial design
HLA-A*0201 positive patients with acute myeloid leukemia

(AML) in remission and myelodysplastic syndromes (MDS)
were recruited (Protocol #07-H-0159). Entry criteria included:
age over 18 years, bone marrow (BM) cellularity 20% or more,
no corticosteroid treatment within 14 days prior to enrolment,
negative serology for anti-proteinase-3 or anti-neutrophil cyto-
plasmic antibodies (ANCA), no previous history of Wegener’s
granulomatosis. The study was approved by the Institutional
Review Board of the National Heart Lung Blood Institute
(NHLBI), National institutes of Health, Bethesda, USA.
Following written informed consent, patients received 6 subcu-
taneous doses of PR1 (0.5 mg) and WT1 (0.2 mg) vaccination in
Montanide-adjuvant (Seppic, Inc., Fairfield, NJ, USA) at two
weekly intervals followed by one booster injection 12 weeks fol-
lowing the last dose of vaccine. Peptides admixed with
Montanide were given by deep subcutaneous injection into 2
separate sites. GM-CSF (Sargramostim), (Berlex Laboratories
Inc., Richmond, California, USA) was administered subcuta-
neously as 2 separate 100 mg injections in the same region as
each vaccine dose. Following vaccination, patients were
reviewed every two weeks in the outpatient clinic for 26 weeks.

Vaccine preparation and administration 
WT1:126-134 (RMFPNAPYL) and PR1:169-177 (VLQELNVTV)

peptides were synthesized to GMP-grade by NeoMPS, Inc. (San
Diego, California, USA). The Pharmaceutical Development
Section of the Pharmacy Department (NIH Clinical Center) recon-
stituted and vialed the peptides and provided quality assurance,
IND#12632. Peptides were stored in dimethyl sulfoxide (DMSO)
at –70°C and thawed on the day of injection. A water-in-oil emul-
sion vaccine was then prepared, consisting of the peptide (aqueous
phase) and the adjuvant Montanide® ISA-51 VG (oil phase), by

combining equal parts of the peptide and the adjuvant. The emul-
sions formed were shown to be stable for at least three hours.

Assessment of toxicity
At each outpatient visit, patients were evaluated for toxicities

according to the National Cancer Institute Common Toxicity
Criteria and independently reviewed by the Data Safety
Monitoring Board (DSMB). The protocol mandated discontinua-
tion of vaccination in any one patient if grade 3 toxicity or over
was observed.

Sample collection and storage
Peripheral blood mononuclear cells (PBMCs) and bone marrow

mononuclear cells (BMMNCs) were separated using Ficoll-
Hypaque density gradient centrifugation (Organon-Teknika,
Durham, NC, USA). Fresh PBMCs and BMMNCs were used in
peptide/HLA-A*0201 tetramer and intracellular-IFN-γ (IC-IFN-γ)
assays (as described below). Additional PBMCs and BMMNCs
were cryopreserved in RPMI-1640 complete medium (CM; Life
Technologies, Gaithersburg, MD, USA) supplemented with 20%
heat-inactivated fetal calf serum (FCS) and 10% DMSO according
to standard protocols. Cells were thawed for experiments,
washed, and suspended in RPMI-CM plus 10% pooled human AB
serum (Sigma-Aldrich, St Louis, MO, USA). 
High-resolution HLA class-I genotyping was performed by

sequence-specific polymerase chain reaction (PCR) using genomic
DNA (HLA-Laboratory, NIH, Bethesda, MD, USA). 

Evaluation of immunogenicity with peptide-HLA class-I
tetrameric complexes 
Fresh PBMC obtained before and every two weeks after vacci-

nation and fresh BMMNC at week 16 post-vaccination were
stained with ViViD (Invitrogen/Molecular Probes) for 15 min at
room temperature (1-2¥106 in 50 mL of 1% FCS/PBS per experi-
mental condition). After a further wash, the cells were stained with
pre-titered allophycocyanin (APC) conjugated PR1/HLA-A*0201
(Beckman Coulter Inc., Fullerton, California, USA), and
WT1/HLA-A*0201 tetramers (NIH tetramer facility) as described
previously.11 APC-conjugated CMVpp65495/HLA-A*0201 and HLA-
A*0201-Null tetramers (Beckman Coulter Inc., Fullerton,
California, USA) used as positive and negative controls, respective-
ly. Tetramers were added for 20-30 min at 37°C. Cells were
washed in 1% FCS/PBS and stained with a titrated panel of direct-
ly conjugated antibodies to CD3, CD8 and anti–human PD-1 mAb
(MIH4) (all from BD Biosciences, San Jose, CA, USA). Fluorescein-
isothiocyanate (FITC), phycoerythrin (PE), peridinin-chlorophyll-
protein (PerCP) and PE-Cy7 were used as fluorophores. The lym-
phocytes were washed in 1% bovine serum albumin (BSA) in PBS,
and resuspended in 1% paraformaldehyde in PBS. A minimum of
0.5¥106 gated cells were acquired. Flow cytometry was performed
on an LSR-II flow cytometer (BD Biosciences, San Jose, CA, USA)
using FacsDiva software (BD Biosciences, San Jose, CA, USA). A
peptide/HLA-A*0201 assay was considered positive if the frequen-
cies of peptide/HLA-A*0201 tetramer CD8+ T cells was 2-fold or
more higher than HLA-A*0201-Null binding CD8+ T cells (back-
ground) and if there was a minimum of 0.05% peptide/HLA-
A*0201 tetramer binding CD8+ T cells (after subtracting the per-
centage of HLA-A*0201-Null tetramer binding CD8+ T cells).11

Functional evaluation of antigen-specific CD8+ T cells
Intracellular-cytokine detection was performed as described pre-

viously. In brief, 106 fresh PBMC were resuspended in RPMI-CM
supplemented with 10% human AB serum and incubated
overnight at 37°C (humidity, 90%; CO2, 5%) to minimize back-
ground IFN-γ production secondary to lymphocyte manipulation
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during processing. The following day fresh PBMCs and BMMNCs
were loaded with or without test peptides (0.1 and 10 mM). After
2 h, 10 mg/mL Brefeldin-A (Sigma) was added. After an additional
4 h, CD3+ CD8+ T cells were stained with an anti-CD3 PerCP-con-
jugated antibody and anti-CD8 PE-conjugated antibody, fixed/per-
meablized and stained with an anti-IFN-γ FITC-conjugate (all
BD/Pharmingen, San Diego, CA, USA).
A T-cell response was considered positive if the frequencies of

IFN-γ+ CD8+ T cells in peptide-stimulated PBMCs were 2-fold or
more higher than the frequencies of IFN-γ+ CD8+ T cells in unstim-
ulated PBMCs and if there was a minimum of 0.05% IFN-γ+ CD8+

T cells (after subtracting the frequencies of IFN-γ+ CD8+ T cells in
unstimulated PBMCs).11

Enumeration of Foxp3+CD4+ T cells
For each patient, stored aliquots of PBMCs collected at different

time points were thawed on the same day and phenotypically ana-
lyzed by 4-color flow cytometry using a titrated panel of directly
conjugated antibodies to CD3, CD4 and CD25 (M-A251) (all
Beckman Coulter, Miami, FL, USA). Intracellular analysis of FoxP3
(eBioscience, San Diego, CA, USA) was performed after fixation
and permeabilization according to the manufacturer's recommen-
dation, as described previously.14

Short-term expansion of PR1- and WT1-specific CD8+

T cells in vitro
Stored aliquots of PBMCs were thawed and suspended in AIM-

V (Invitrogen, Carlsbad, CA, USA) and 5% human AB serum
(Valley Biomedical, Winchester, VA, USA) hereafter referred to as
AIM/HS, with or without IL-12 (2 ng/mL; Peprotech, Rocky Hill,
NJ, USA). Cells were plated in 96-well round-bottom microtiter
plates (100,000-200,000/well) and loaded with test or control pep-
tides (0.1 and 10 µg/mL) or medium alone (no-peptide). Test pep-
tides included PR1 and WT1 and control peptides gp100209-217(210M)

and CAP1-6D (irrelevant HLA-A*0201–binding peptide negative
controls) and CMVpp65495 (positive control for CMV-responsive
patients/donors) were added directly to each well. The microtiter
plates were incubated at 37°C with 5% CO2. On day 4, 100 mL
AIM/HS containing recombinant human IL-2 (10 IU/mL,
Peprotech) were added. Cells were harvested on day 7 for enzyme-
linked immunosorbent spot (ELISPOT) analysis. 

Functional evaluation of CD8+ T cells 
by IFN-γ ELISPOT assay 
The frequency of antigen-specific T cells in freshly thawed

PBMCs and after seven days in vitro expansion was assessed as
described previously.15,16 Briefly, anti–IFN-γ–coated ELISPOT plates
were prepared by sequentially treating ImmunoSpot MultiScreen
HTS IP 96-well plates (Millipore, Watertown, MA, USA) with 70%
methanol in water for 1-2 min at room temperature followed by
IFN-γ capture antibody (10 mg/mL) overnight at 4°C, and BSA (10
mg/mL in PBS) for 2 h at 37°C. To measure PR1- and WT1-specific
CD8+ T-cell responses directly, 100,000 to 200,000 viable, freshly
thawed PBMCs were incubated for 18 h in anti–IFN-γ–coated
ELISPOT wells with transporter-associated-with-antigen-
processing (TAP)–defective T2 cells (50,000 cell/well) loaded with
each of the following peptides: PR1, WT1 (0.1 or 10 mg/mL), con-
trol peptides: gp100 or CAP-1-6D, CMVpp65495 (positive control
for CMV-responsive patients/donors), or not loaded with peptide.
T2 cells were incubated with or without test peptide for 2 h and
washed in standard media to remove excess peptide. A T-cell
response was considered positive if there was a minimum of 20
peptide-specific spots in 106 PBMCs (after subtracting the number
of spots in unstimulated PBMCs), if the number of spots in pep-
tide-exposed PBMCs was 2-fold or more higher than the number

of spots in unstimulated PBMCs and statistically significantly dif-
ferent from the control in comparison of the triplicates by
Student’s t-test.15

In 7-day expansion assays, the antigen-specific T-cell response
was enhanced by supplementing culture media with IL-12 (2
ng/mL). For each experiment, negative control wells containing
responder cells and unpulsed autologous PBMCs and positive-con-
trol wells containing responder cells incubated with either
CMVpp65495 peptide or phytohemagglutinin (Invitrogen) were
included. On day 7, cells were stimulated with T2 cells loaded
with or without test peptide and ELISPOT responses were meas-
ured in 4-6 replicate wells. Spots were counted using an automated
ELISPOT-reader (AID, Strassberg, Germany) and the ELISPOT 3.1
SR software. 

Measurement of WT1 by real-time quantitative reverse
transcription polymerase chain reaction (qRT-PCR)
All samples for qRT-PCR were blinded. RNA was isolated from

a minimum of 106 PBMC using RNeasy mini-kits (Qiagen, CA,
USA). cDNA was synthesized using the Advantage RT-for-PCR kit
(Clontech, Mountain View, CA, USA). ABL expression was used as
the endogenous cDNA quantity control for all samples.17 All reac-
tions by qRT-PCR using the ABI PRISM 7900 sequence detection
system (Applied Biosystems, Foster City, CA, USA) were per-
formed in triplicate using standard conditions with 40 cycles of
amplification. WT1 qRT-PCR reactions could consistently detect
one leukemic in 1,000,000 non-leukemic cells.11

Results 

Patients’ characteristics and summary 
of clinical toxicities

Eight HLA-A*0201 positive patients (2 MDS and 6 AML)
were enrolled in this study and their clinical characteristics
are presented in Table 1. Six of 8 patients completed 6 cours-
es of vaccination and assessment to week 26 per protocol,
to monitor toxicity and immunological responses. Patient 8
relapsed prior to the first dose of vaccine and Patient 5, two
weeks after the first vaccine. No immunological studies
were undertaken for Patient 8 and responses were only
assessable to one vaccine dose for Patient 5. Median follow
up was 765 days (710-823). Grade 1-2 erythema, pain or
swelling were noted at PR1 or WT1 injection sites in 7 of 7
patients who received at least one vaccine dose. Patients 5
and 7 developed transient self-limiting chest pain, most like-
ly related to GM-CSF. Patient 4 was vaccinated 16 months
following an allogeneic stem-cell-transplant and vaccination
did not induce graft-versus-host disease. No cases of autoim-
munity or cytopenias were seen. Patients remained negative
for anti-proteinase-3 antibodies and ANCA throughout the
length of follow up. These results indicate that repeated vac-
cination with PR1 and WT1 peptides is safe. At the time of
analysis, the 2 patients with MDS (Patients 1 and 2) remain
stable (SD). Of the 5 evaluable AML patients who received
at least one dose of PR1 and WT1 peptide vaccines, 3
relapsed and 2 remain in continuous complete remission
(one CR with incomplete platelet recovery). 

Vaccination induces transient PR1 and WT1-specific CD8+

T-cell responses
Fresh PBMC collected pre- and 2-weekly post-vaccina-

tion were analyzed directly ex vivo by flow cytometry for
circulating PR1 and WT1-specific CD8+ T cells. A significant
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vaccine-induced CD8+ T-cell response was defined as the
emergence of detectable PR1 or WT1-specific CD8+ T cells
when the pre-study analysis found no response, or a 2-fold
increase in frequencies when responses were present before
vaccination. This definition was a stringent modification of
that used for peptide/HLA-A*0201 tetramer and intracellu-
lar cytokine assays in previous vaccination studies.11,18 The
longitudinal IC IFN-γ analysis of Patient 1 to vaccination is
illustrated in the Online Supplementary Figure S1. 
No patient had detectable PR1 or WT1-specific CD8+ T-

cell responses (defined as a minimum of 0.05% IFN-γ+
CD8+ T-cells5) at enrolment in the current study (Table 1).

Patients 1-6 had previously received one dose of PR1 and
WT1 peptides in NIH study 06-H-0062.11 The median
interval between completion of participation in study 06-
H-0062 and enrolment in the current Phase II study was
241 days (82-485). A significant PR1 or WT1-specific CD8+
T-cell response was detected as early as two weeks fol-
lowing the first vaccine dose in 7 of 7 evaluable patients,
median for PR1 0.12% (0.06-0.32%) and for WT1 0.10%
(0.07-0.19%). However, further boosting failed to expand
the vaccine-induced response and in 6 of 6 evaluable
patients responses were no longer detectable by the 6th
dose (Figure 1). 

PR1/WT1 peptide vaccines induce transient T cells
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Table 1. Patients’ characteristics. Percentage of PR1- and WT1-specific CD8+ T cells by ex vivo peptide/HLA-A*0201 tetramer assay are presented as a
fraction of total CD8+ cells. 
Pt. Sex/ Diagnosis Status Previous Enrolled in PR1 CD8+ WT1 CD8+ Max. PR1 Onset of Duration Max. WT1 Onset of Duration Side- Current

Age at V Treatment 06-H-0062 T cells T cells pre- CD8+ T cell PR1 CD8+ of PR1 CD8+ T cell WT1 CD8+ of WT1 effects status
pre-V (%) V (%) response T cell response response T-cell (wks response (grade) (days

post-V (%) (wks post-V) (wks post-V (%) post-V) (wks post-
post-V) post-V) V)

1 M/42 MDS RARS Epo/GCSF Y 0.00 0.00 0.15 2 6 0.11 2 10 local (1) SD (832)

2 M/41 MDS RA Epo Y 0.02 0.02 0.32 2 6 0.06 2 6 local (1) PD (755)

3 M/78 AML CR1 standard Y 0.01 0.03 0.06 4 6 0.1 4 12 local (1) Rel (112)
chemo

4 F/48 AML CR2 MUD (x2) Y 0.01 0.00 0.18 4 10 0.07 4 10 local (1) CR (587)

5 M/71 AML CR1 standard Y 0.02 0.01 0.05 2 N/A 0.19 2 N/A local (1), Rel (14)
chemo systemic (2)

6 M/55 AML CR1 standard Y 0.00 0.00 0.12 2 6 0.07 2 12 local (1) CR (779)
chemo

7 F/54 AML CR1 standard N 0.03 0.00 0.13 2 10 0.1 4 12 local (1), Rel (352)
chemo systemic (2)

8 M/60 AML CR1 standard N N/A N/A N/A N/A N/A N/A N/A N/A N/A Rel
chemo

M: male; F: female; MDS: myelodysplastic syndromes; RARS: refractory anemia with ringed sideroblasts; AML: acute myeloid leukemia; V indicates vaccination; Max: maximum; G-CSF: granu-
locyte colony stimulating factor; chemo: chemotherapy; MUD: matched unrelated donor allogeneic stem cell transplantation; SD: stable disease; PD: progressive disease; CR: complete remis-
sion; Rel: relapse.

Figure 1. Kinetics of vaccine-induced PR1- and
WT1-specific CD8+ T-cell response in 6 patients
completing 6 courses of biweekly injections.
Results in 6 individual patients who completed
the vaccination program are shown. Weeks after
vaccination are shown on the X-axis. PR1/HLA-
A*0201+ (black diamond square and solid con-
necting line) and WT1/HLA-A*0201+ (black
square and dashed connecting line) CD8+ T cells
are expressed as absolute numbers per mL of
peripheral blood (Y-axis). The vaccine-induced
CD8+ T-cell responses after PR1 and WT booster
injection for patients 4, 6 & 7 are presented.
Abbreviations: ALC: absolute lymphocyte count,
V: vaccine dose.
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Repeated vaccination leads to preferential expansion 
of low-avidity, PD-1 negative, PR1 and WT1-specific 
CD8+ T cells 
To determine the functional avidity of the vaccine-

induced CD8+ T-cell response, we measured the response of
CD8+ T cells to stimulation with 2 concentrations of PR1
and WT1 peptides (0.1 and 10 mM) by IC-IFN-γ staining.19
High- and low-avidity T cells possess different require-
ments for peptide/MHC density and CD8 interaction.19 We
defined high-avidity CD8+ T cells as those capable of pro-
ducing IFN-γ in response to a lower concentration of pep-
tide (0.1 mM), while low-avidity CD8+ T cells were those
that produced IFN-γ in response to a higher concentration
of peptide (10 mM).4;15 These two peptide concentrations
were previously shown to stimulate and differentiate high
and low-avidity CD8+ T-cell responses to PR120 (Figure 2A).
To examine the issue of functional avidity, we determined
the ratio of high- to low avidity CD8+ T-cell responses.
Ratios were obtained by the following calculation: (fre-
quencies of IFN-γ + CD8+ T cells with 0.1 mM peptide) / (fre-
quencies of IFN- γ + CD8+ T cells with 10 mM peptide). A
ratio of more than 1.0 represents predominantly high avid-
ity responses, whereas a ratio of less than 1.0 represents
predominantly low avidity responses. In all patients, both
high and low-avidity CD8+ T cells were initially induced;
however, repeated vaccination led to the selective deletion
of high-avidity responses and preferential expansion of
low-avidity CD8+ T cells (Figure 2A). In CMV seropositive
patients, high- and low-avidity CMV-specific CD8+ T-cell
responses were equally represented and the frequencies of
high- and low-avidity CMV-specific CD8+ T cells remained
stable over the study period, arguing against a general

defect in T-cell function or induction of an immunsuppres-
sive state (Online Supplementary Figure S1 and Figure 2A).
These data suggest that with repeated vaccination, high-
avidity CD8+ T cells with specificity for PR1 and WT1
might be selectively eliminated through clonal deletion,
similar to the process of clonal exhaustion of high-avidity T
cells seen during chronic viral infection.21
To determine if programmed death-1 (PD-1), a negative

regulator of T cells,22 impaired vaccine-induced T-cell
expansion, we analyzed the expression of PD1 on the sur-
face of PR1 and WT1/HLA-A*0201 tetramer-binding CD8+
T cells in 3 patients but found no evidence of PD1 upregu-
lation (data not shown).
All patients who completed 6 courses of vaccine (Patients

1, 2, 3, 4, 6 and 7) returned three months following the 6th
dose for repeat blood tests. By ex vivo peptide/HLA-A*0201
tetramer and intracellular-IFN-γ assays, PR1 and WT1-spe-
cific CD8+ T cells were not detected in the PB of 6 of 6
evaluable patients three months following the 6th vaccine
dose. To determine if low frequencies of CD8+ T cells
against PR1 and WT1 could be detected by short-term
expansion, PBMC from Patients 4, 6 and 7 were stimulated
with PR1 and WT1 peptides in a 7-day cultured Elispot
assay.  PR1 and WT1-specific CD8+ T cells failed to expand,
although culture conditions allowed expansion of CMV-
specific CD8+ T cells from the same patients (data not
shown). 
Patients 4, 6 and 7 received a booster injection of PR1 and

WT1 peptide in Montanide-adjuvant plus GM-CSF three
months following the 6th dose of vaccine. PBMC tested two
weeks following the booster vaccination revealed the pres-
ence of low frequencies of low-avidity PR1 and WT1 spe-
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Figure 2. Avidity of vaccine-induced PR1 and WT1 CD8+ T cells. (A) Avidity of PR1 and WT1 CD8+ T cells following repeated peptide vacci-
nation (study 07-H-0159). (B) Avidity of PR1 and WT1 CD8+ T cells following a single dose of PR1 and WT1 peptide vaccination (study 06-
H-0062). Stimulation of PBMC with 0.1 and 10 mM of PR1, WT1 peptides and CMV peptides determined high- and low-avidity responses to
PR1 and WT1 vaccines, respectively. Results show ratios of high- to low-avidity CD8+ T-cell responses for PR1 (black bars), WT1 (gray bars)
and CMV (hatched bars) in 2 CMV seropositive patients. Ratios were obtained by the following calculation:  IFN-γ+ CD8+ T cell (%) with 0.1 m
peptide/IFN-γ+ CD8+ T cell (%) with 10 mM peptide. A ratio > 1.0 represents predominantly high-avidity responses, whereas a ratio of < 1.0
represents predominantly low-avidity responses. Abbreviations: V: vaccine; H/L: High-/Low-avidity ratio. 
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cific CD8+ T cells, at similar frequencies as noted after the
first course of vaccine (Figure 1).

PR1 and WT1 specific CD8+ T cells do not preferentially
localize in the bone marrow
Given that the bone marrow is the site of primary pathol-

ogy in acute myeloid leukemia and myelodysplastic syn-
dromes, we analyzed bone marrow samples from vaccinat-
ed patients for the presence of PR1- and WT1-specific CD8+
T cells using ex vivo peptide/HLA-A*0201 tetramer and
intracellular-IFN-γ assays. PR1 or WT1-specific CD8+ T cells
were not detected in 6 of 6 BM samples four weeks follow-
ing the 6th dose of vaccine, excluding preferential localiza-
tion of vaccine-induced CD8+ T cells to the site of disease as
an explanation for the failure to detect vaccine-specific
CD8+ T cells in peripheral blood (data not shown).

FoxP3-Positive CD4+ T cells are transiently reduced 
following vaccination
Absolute numbers and frequencies of CD4+Foxp3+ and

CD4+CD25+ T cells and the ratio of
CD4+Foxp3+/CD4+CD25+ T cells were analyzed following
vaccination in 5 patients (Patients 1, 2, 3, 6 and 7).
Representative phenotypic data from Patients 1 and 7 are
shown in Figure 3 and Online Supplementary Figure S2. The
total CD3, CD8 and CD4 compartments did not change
significantly throughout the vaccination period (data not
shown). In contrast, we observed a significant and transient
reduction in frequencies of CD4+Foxp3+ T cells; median
6.1% (3.4-8.1%) pre-vaccination cf. 2.7%, (1.3-5.2%) after
the first vaccine; P=0.02 and 1.95%, (1.4-3.0%) after the
second vaccine; P=0.004 (Figure 3A and Online
Supplementary Figure S2A and B). A significantly lower pro-
portion of CD4+CD25+ T cells were Foxp3+ as determined
by CD4+Foxp3+/CD4+CD25+ ratio, median 50%, (34.6-
51.0%) before vaccination cf. 27.65%, (24.7-33.8%)
P=0.002 and 30.3% (14.4%-38.8%) P=0.02 after the first
and second vaccines respectively (Figure 3B and Online
Supplementary Figure S2A and B). Therefore, following vac-
cination and concomitant with the vaccine-induced T-cell
response there was a selective and transient depletion from
the peripheral blood of CD4+Foxp3+ T cells. 

Anti-leukemia activity only occurs with high-avidity 
CD8+ T cells
To assess the potential anti-leukemia effect of vaccina-

tion, WT1 expression was used as a surrogate marker of
minimal residual disease. WT1was detected in 5 of 6 evalu-
able patients before vaccination, median 0.004 WT1/ABL (0-
0.0677) (Online Supplementary Figure S3). In Patient 1, WT1
transcripts were undetectable pre-vaccination but increased
significantly within four weeks of vaccination.The anti-

leukemia effect of vaccination was assessed by correlating
the kinetics and avidity of PR1 and WT1-specific CD8+ T
cells with WT1 expression. A significant reduction in WT1
transcripts was defined as more than 1 log reduction in WT1
transcripts compared to pre-vaccination level. In 2 patients
(Patients 1 and 7), the emergence of high-avidity PR1 and
WT1-specific CD8+ T cells was associated with a significant
but transient reduction in WT1 expression. However,
repeated vaccination led to selective deletion of high-avidi-
ty PR1 and WT1-specific CD8+ T cells and subsequent loss
of this anti-leukemia effect (Figure 2A and Online
Supplementary Figure S3). In the remaining 4 evaluable
patients, vaccination induced predominantly low-avidity
PR1 or WT1-specific CD8+ T cells, not associated with a sig-
nificant reduction in WT1 transcripts. 
To test the hypothesis that anti-leukemia responses are

only achieved in the presence of high-avidity leukemia-spe-
cific CD8+ T cells, we retrospectively analyzed the avidity
of the vaccine-induced CD8+ T cells in patients enrolled in
study 06-H-0062,11 where we previously reported that in 5
of 7 evaluable patients a single injection of PR1 and WT1
vaccines induced transient anti-leukemia responses.
Peripheral blood samples were collected weekly for four
weeks after the single dose of PR1 and WT1 peptide vac-
cines. In all patients tested (patients 1- 5), a single injection
of PR1 and WT1 vaccines led to induction of high-avidity
CD8+ T cells to PR1 or WT1 (Figure 2B). However, in the
present study, repeated vaccination of the same patients
resulted in selective deletion of high-avidity, epitope-specif-
ic CD8+ T cells (Figure 2A) and failure to achieve a signifi-
cant and sustained reduction in WT1 transcripts. For Patient
6, no cells were available to perform these experiments.
Therefore, it appears that in this small cohort of patients,

anti-leukemia responses are only achieved in the presence
of high-avidity leukemia-specific CD8+ T cells and that
repeated peptide vaccination in Montanide-adjuvant + GM-
CSF leads to selective deletion of high-avidity CD8+ T cells
and loss of anti-leukemia responses.

Discussion

This phase II study was an extension of our previous
Phase I study (protocol 06-H-0062) where we reported tran-
sient immunological and anti-leukemia responses to vacci-
nation with a combination of PR1 and WT1 peptides.11
Whereas in study 06-H-0062 high-avidity CD8+ T cells,
associated with a transient reduction in minimal residual
disease, could be induced in 5 of 7 patients following one
dose of PR1 and WT1 peptides, repeated vaccination of the
same patients in study 07-H-0159 resulted in selective dele-
tion of high-avidity, epitope-specific CD8+ T cells and pref-
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Figure 3. Frequencies of CD4+Foxp3+ and
ratio of CD4+Foxp3+/CD4+CD25+ T cells fol-
lowing vaccination. Frequencies are shown
before each vaccine in 5 patients. (A)
Following vaccination, there was a signifi-
cant and transient reduction in frequencies
of CD4+Foxp3+ T cells (B) and a significant-
ly lower proportion of CD4+CD25+ T cells
that were Foxp3+ve, indicating selective
elimination of CD4+CD25+FOXP3+ T cells.
wk: weeks post-vaccine.
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erential expansion of low-avidity vaccine-induced CD8+ T
cells that were not sustained.  
A number of trials of peptide vaccination with WT1, PR1

and other antigens such as RHAMM in patients with
myeloid malignancies, using different vaccination schemes,
peptide antigens, peptide concentrations and adjuvants
have reported immunogenicity with some evidence of clin-
ical efficacy.18;23-26 However, in the trials at Osaka and the
MD Anderson,18;24 no data were presented on the duration
of the vaccine-induced T-cell responses. Keilholz et al. used
keyhole-limpet-hemocyanin (KLH) adjuvant plus GM-CSF
to enhance the immunogenicity of the peptide vaccine.
However, the authors failed to observe a significant
increase in WT1 tetramer+ T cells at 10 and 18 weeks post-
vaccination23 and found no correlation between T-cell
response and disease outcome.  They suggested that this
might be due to the low sensitivity of the T-cell assays
employed to estimate the frequency of immunological
responses or possibly due to an interaction between blasts
and T cells. Indeed, they found statistically significant
increases in the frequencies of PB WT1-specific tetramer
responses in patients with low but not with high blasts in
bone marrow, suggesting a potential suppressive effect of
high leukemic burden on the induction of WT1-specific T-
cell response. In our study, all patients with acute myeloid
leukemia were in complete remission and whereas
immunological responses were induced in all, the responses
were not sustained. The selective localization of vaccine-
induced CD8+ T cells to the site of disease, i.e. the bone
marrow, could be a reason for the failure to detect PR1 and
WT1-specific CD8+ T cells in the peripheral blood; howev-
er, our results failed to support this possibility. Alternatively,
the vaccine-induced CD8+ T cells could have homed to the
sites of vaccination. It was not possible to address this pos-
sibility in our study, as biopsies were not taken from the
vaccination sites. It remains a possibility that in our study
vaccine-induced CD8+ T cells did persist following repeated
vaccination below the sensitivity of tetramer and IC
cytokines staining.
The choice of adjuvant is important in determining the

peptide-specific immune response. Bijker et al. demonstrat-
ed that vaccination with CD8 epitopes derived from self-
antigens mixed with oil-in-water adjuvants such as
Montanide results in transient effector CD8+ T-cell respons-
es and fails to induce CD8+ T-cell memory in mice.27,28 They
proposed that the sustained systemic presentation of the
peptides gradually leaking out of the oil-in-water depot
without systemic danger signals leads to tolerance induc-
tion. This hypothesis was further supported by the demon-
stration that vaccination with peptides admixed with PBS,
resulting in relatively short duration of antigen presentation,
induced memory CD8+ T cells that were able to expand
upon secondary antigen stimulation in vitro. Interestingly, a
recent report has also questioned the value of GM-CSF as a
vaccine adjuvant.29 Furthermore the route of application,
dose and dosing interval of the adjuvant may be critical in
determining the immunological effect. Several trials using
lower doses of GM-CSF have reported improvement in vac-
cine-induced CTL responses, whereas trials employing
higher doses of GM-CSF have shown no effect or even a
suppressive effect.29
The ability of vaccine-induced CD8+ T cells to mediate in
vivo anti-leukemia cytotoxicity was assessed indirectly by
correlating the kinetics and avidity of PR1 and WT1-specific
CD8+ T cells with WT1 expression in peripheral blood. To

study the functional avidity of the CD8+ T-cell response
against individual PR1 and WT1 epitopes, CD8+ T cells
were stimulated with increasing peptide concentrations; an
arbitrary “functional avidity ratio” was calculated based on
these readouts. In 2 patients, vaccination induced transient
high-avidity PR1 or WT1-specific CD8+ T cells that coincid-
ed with significant, albeit short-lived, reduction of WT1
expression. WT1 has been shown to be a reliable marker of
minimal residual disease in myeloid malignancies.30-34 In the
remaining patients, induction of low-avidity CD8+ T cells to
PR1 or WT1 was not associated with a significant reduction
in minimal residual disease. Several studies have shown
that high-avidity CTLs are essential for effector anti-tumor
responses.35-37 Although due to limitations in patient sam-
ples we were unable to directly demonstrate the cytotoxic-
ity of high avidity vaccine-induced CD8+ T cells against
leukemic blasts, the association of high-avidity CD8+ T cells
and anti-leukemia response was further supported by the
retrospective analysis of PBMC collected from patients in
study 06-H-0062. In all patients tested, a single injection of
a combination of PR1 and WT1 vaccines led to expansion
of both high- and low-avidity PR1 and WT1-specific CD8+
T cells. However, repeated vaccination of the same patients
in study 07-H-0159 led to functional deletion of high-avidi-
ty PR1 and WT-specific CD8+ T cells that failed to induce
sustained immune and clinical responses. These data sug-
gest that multiple vaccinations may drive T-cell exhaustion
or deletion and induce tolerance over time, similar to the
process of clonal exhaustion of high-avidity T cells seen
during chronic viral infection.21 Indeed, high-avidity CTLs
with specificity for gag, an HIV antigen, were induced to
undergo apoptosis when stimulated with high-dose peptide
antigen in vitro,38 suggesting that a high viral load might lead
to clonal deletion of high-avidity HIV-specific CTLs over
time. Similarly, it was shown that high-avidity PR1-CTLs
die by apoptosis when exposed to either high-dose peptide
antigen or to leukemia cells that over-express proteinase 3.20
A recent trial of peptide vaccination in patients with
melanoma in complete remission reported that following
boosting, the vaccine-induced CD8+ T cells failed to acquire
enhanced functional avidity usually associated with compe-
tent memory T-cell maturation.39 We assessed the quality of
the vaccine-induced CD8+ T-cell response by comparing the
relative frequencies of high- and low-avidity PR1 and WT1-
specific CD8+ T cells. In our phase I study, while both high-
and low-avidity PR1 and WT1 specific CD8+ T cells were
elicited following a single dose of PR1 and WT1 peptide
vaccines,11 only low-avidity PR1 or WT1-specific CD8+ T
cells could be expanded following repeated vaccination.
The selective deletion of high-avidity leukemia-specific
CTLs has been shown to be an escape mechanism from
tumor immunity.20 Our data may offer an explanation for
recent reports of large phase III clinical trials showing that
vaccinated cancer patients had significantly reduced overall
survival compared with placebo-treated controls.40
Although, it is conceivable that if sufficient numbers of low-
avidity vaccine-specific T cells are elicited, adequate anti-
leukemia activity might still be possible. 
The transient immunological and clinical responses seen

here and in other trials of peptide vaccination with CD8
epitopes may be partly explained by the lack of CD4+ T-cell
help. While CD4+ T cells are dispensable for primary expan-
sion of CD8+ T cells and their differentiation into cytotoxic
effectors, secondary CTL expansion is wholly dependent
on the presence of CD4+ T cells.41 In a number of animal
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studies, vaccination with CD8+ and CD4+ T-cell epitopes
has been shown to result in long-term CD8+ T-cell immuni-
ty.28;42,43 Indeed, in a humanized murine model, vaccination
with WT1 CD8 epitopes fused to the fragment C  (FrC) of
tetanus toxin to provide CD4+ T-cell help and delivered via
DNA was superior to exogenous peptide plus IFA.44 Maslak
et al. recently published the results of a pilot clinical trial
using a polyvalent WT1 vaccine composed of heteroclitic
class-I and class-II peptides to stimulate CD8+ and CD4+ T-
cell responses in patients with acute myeloid leukemia in
complete remission after receiving chemotherapy. They
observed vaccine-induced CD4+ and CD8+ T-cell responses
that were sustained throughout the period of vaccination.26
Similarly, a recent study reported impressive clinical
responses associated with vaccine-induced immune
response following vaccination with a mix of long peptides
from the HPV-16 viral oncoproteins E6 and E7 in incom-
plete Freund's adjuvant in women with HPV-16-positive,
high-grade vulvar intraepithelial neoplasia.45
It is likely that the efficacy of peptide vaccination

depends on the balance between effector and regulatory T
cells (Tregs). Experimental murine models and human vac-
cine studies have demonstrated that Treg depletion con-
tributes to durable protective anti-tumor immunity.46-48 We
noted a significant and transient reduction of circulating
CD4+Foxp3+ T cells within the CD4+CD25+ T compart-
ment, suggesting a selective loss of regulatory T cells over
the course of the vaccination period. This was concomi-
tant with the vaccine-induced CD8+ T-cell response.
However, Treg frequencies returned to baseline by the 6th
vaccine dose. Similarly other groups have reported signif-
icant reduction in Tregs (antigen-specific and non-specific)
following vaccination.49,50 Tregs appear to be highly sensitive
to CD95L-induced apoptosis, in contrast to their more
resistant Teff counterparts.51,52 In vivo, the apparent selec-
tive sensitivity of Treg to CD95L might be a mechanism to

eliminate Treg during the acute effector phase of an
immune response at a time when Teff are resistant to
CD95-mediated apoptosis. This may partly explain our
observation that the FOXP3-positive compartment of
CD4+CD25+ T cells was selectively depleted. It is, there-
fore, possible that systemic depletion of Treg may further
enhance the immune response to vaccination.53-55
In summary, these data raise important questions regard-

ing the validity of vaccination with self-antigen derived
short peptides and may offer an explanation for the lack of
correlation between immune and clinical responses report-
ed in a number of clinical trials.12,13 These results call for a re-
evaluation of the current strategies of vaccination in
patients with hematologic malignancies and cancer in gen-
eral, especially since peptide vaccination remains a popular
approach to therapeutic cancer with over 100 clinical trials
currently registered on clinicaltrials.gov. An effective anti-
tumor vaccination should aim to bring tumor antigens to
the secondary lymphoid organ in appropriate amounts and
within a specific time frame. Well designed clinical studies
are required to improve the results of vaccination by
addressing basic questions such as the best vaccine delivery
approach, optimal vaccine dose and vaccination interval,
induction of CD4+ T-cell help and the role of novel
immunostimulatory adjuvants such as toll-like receptor
agonists. 
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