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Synthetic peptide analogs derived from bcr/abl fusion
proteins and the induction of heteroclitic human T-cell
responses

Chronic myelogenous leukemia
(CML) is a pluripotent stem cell dis-
order characterized by the presence

of the Philadelphia chromosome (Ph).1-5

Because of its unique features, CML pro-
vides an opportunity to develop therapeu-
tic strategies using vaccination against a
truly tumor-specific antigen that is also the
oncogenic protein required for neoplasia.6

The chimeric fusion proteins are poten-
tial antigens for two reasons. The proteins
are uniquely expressed in CML cells in
which the junctional regions contain a
sequence of amino acids that is not
expressed on any normal protein. In addi-
tion, as a result of the codon split on the
fused message, a new amino acid (lysine
in b3a2) and a conserved one (glutamic
acid in b2a2) is present at the exact fusion
point in each of the proteins. Therefore,
the unique amino acid sequences encom-

passing the b3a2 and b2a2 breakpoint
region can be considered truly tumor-spe-
cific antigens. Despite the intracellular
location of these proteins, short peptides
produced by cellular processing of the
products of the fusion proteins can be pre-
sented on the cell surface within the cleft
of HLA molecules, and in this form they
can be recognized by T cells.7-10

We and others recently showed in three
clinical trials, that a tumor-specific, bcr-
abl-derived multivalent vaccine can be
safely administered to patients with
chronic phase CML;11,12 the vaccine reliably
elicits a bcr-abl peptide-specific CD4
immune response as measured by delay-
ed-type hypersensitivity in vivo, CD4+ T-
cell proliferation ex vivo and gamma inter-
feron secretion in an ELISPOT assay.
However, we were unable to detect CD8
responses in A0201 patients and only
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Background and Objectives. Chronic myelogenous leukemia (CML) presents a unique oppor-
tunity to develop therapeutic strategies using vaccination against a truly tumor-specific anti-
gen that is also the oncogenic protein required for neoplasia. We have shown in phase I
and II trials that a tumor-specific, bcr-abl-derived peptide vaccine can be safely adminis-
tered to patients with chronic phase CML and can elicit a reliable specific CD4 immune
response. However, variable CD8 responses and no HLA A0201-restricted responses were
found. One strategy to circumvent this poor immunogenicity is to design synthetic immuno-
genic analog peptides that cross-react with the native peptides (a heteroclitic response).
The aim of this study was to design such peptides.

Design and Methods. By using computer prediction analysis. We designed a number of syn-
thetic peptides derived from the junctional sequences of CML (p210/b3a2 or p210/b2a2)
in which single and double amino acid substitutions were introduced at key HLA A0201
binding positions. The binding of these peptides was tested by a thermostabilization assay
using a T2 cell line.

Results. We found three peptides that predicted good binding to HLA A0201 molecules and
stabilized MHC class I A0201 molecules on the surface of T2 cell lines. These peptides
were screened for eliciting HLA restricted, peptide-specific cytotoxic T lymphocyte respons-
es using CD3+ T cells from several A0201 donors and CML patients. The CD8+ cytotoxic T
lymphocytes lines were assessed by either interferon-g ELISPOT or a chromium release
assay using pulsed, HLA-matched leukemic cell lines. The analog peptides generated larg-
er immune responses (increased CD8 T-cell precursor frequency) than did the native pep-
tides. Importantly, CD8+ T cells stimulated with the new synthetic peptides cross-reacted
with the native bcr-abl peptides.

Interpretations and Conclusions. In conclusion, analog CML fusion peptides with increased
immunogenicity and heteroclitic properties can be synthesized and may be useful in vacci-
nation strategies.
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weak responses in HLA A0301 patients using a sen-
sitive gamma interferon ELISPOT assay. The strength
of CD8 responses to stimulation depends upon the
binding affinity of the target peptide to class I MHC
molecules, the stability of the peptide-HLA complex,
and the avidity of the T-cell receptor binding for the
peptide complex. Killing of native CML cells also
requires adequate processing and presentation of the
natural antigen. Therefore the lack of reproducible
CD8 responses in these clinical trials could be the
result of the biochemistry of these class I peptide-
HLA interactions, resulting in their weak immuno-
genicity to cytotoxic CD8 cells. One strategy to cir-
cumvent the poor immunogenicity of these peptides
at the surface of target cells is to design synthetic ana-
log peptides that will be more immunogenic. Such
peptide analogs could generate an immune response
that not only recognizes the immunizing epitopes,
but that also cross-reacts with the original native
peptides; this is known as a heteroclitic response.

The aim of this study was to use computer predic-
tion analysis to design a large number of synthetic
peptides derived from the junctional sequences of
CML (p210/b3a2 and p210/b2a2) in which single or
double amino acid substitutions were introduced into
the peptides at key HLA A0201 binding positions.
Peptides that were predicted to bind with high affini-
ty to HLA A0201 molecules were directly assayed for
their ability to stabilize MHC class I A0201 molecules
on the surface of a TAP-negative T2 cell line. Avidly
binding peptides were then assayed in an antigen-
specific T-cell expansion in vitro system for their abili-
ty to elicit HLA-restricted, peptide-specific cytotoxic
T lymphocyte responses using purified T cells from
healthy donors and patients with CML.

Design and Methods 

Synthetic peptides
Each of the peptides utilized in this study was pur-

chased and synthesized by Genemed Synthesis Inc.
(CA, USA) using fluorenylmethoxycarbonyl chem-
istry, solid phase synthesis and purified by high pres-
sure liquid chromatography. The quality of the pep-
tides was assessed by high-performance liquid chro-
matography analysis, and the expected molecular
weight was observed using matrix-assisted laser des-
orption mass spectrometry. Peptides were sterile and
greater than 90% pure. The peptides were dissolved
in DMSO and diluted in phosphate-buffered saline
(PBS; pH 7.4) or saline to give a concentration of 5
mg/mL and were stored at –80°C. The amino acid
sequences and predicted score for binding to HLA
A0201, generated by two available online databases
(BIMAS and SYFPEITHI), are shown in Table 1.14 For

in vitro experiments we also used an irrelevant control
peptide, HLA A24 consensus. 

Cell lines
Cell lines were cultured in RPMI 1640 medium

supplemented with 5% fetal calf serum, penicillin,
streptomycin, 2 mM glutamine and 2-mercap-
toethanol at 37°C in humidified air containing 5%
CO2. SKLY-16 is a human B-cell lymphoma express-
ing HLA A0201 and T2 is a human cell line lacking
TAP1 and TAP2 and therefore unable to present pep-
tides derived from cytosolic proteins.

T2 assay for peptide binding and stabilization of HLA
A0201 molecules

T2 cells (TAP–, HLA-A0201+) were incubated
overnight at 27°C at a concentration of 106 cells/mL
in fetal calf serum-free RPMI medium supplemented
with 5 mg/mL human b2-microglobulin (Sigma, St.
Louis, MO, USA) in the absence (negative control) or
presence of either a positive reference tyrosinase
peptide or test peptides at various final concentra-
tions (50, 10, 1, and 0.1 mg/mL). Following incubation
for 4 hours with 5 mg/mL brefeldin A (Sigma), T2
cells were labeled for 30 min at 4°C with a saturating
concentration of anti-HLA-A2.1 (BB7.2) monoclonal
antibody, then washed twice. The cells were then
incubated for 30 min at 4°C with a saturating con-
centration of fluoroscein isothiocyanate-conjugated
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Table 1. HLA A0201 native peptides and synthetic analogs.

Name Native Analog BIMAS SYFPEITHI Frequencyd

sequencea sequencea scoreb scorec

p210-b3a2
CMLA2 SSKALQRPV 0.003 12 0/10
p210F YLKALQRPV 2.240 22 5/10
CMLA3 KQSSKALQR 0.005 3 0/5
p210A KQSSKALQV 24.681 13 0/5
p210B KLSSKALQV 243.432 23 0/5
p210Cn KALQRPVAS 0.013 10 0/5
p210C KLLQRPVAV 900.689 26 6/10

2/4 CML
p210Dn TGFKQSSKA 0.120 7 0/4
p210D TLFKQSSKV 257.342 23 2/6
p210E YLFKQSSKV 1183.775 25 2/6
p210-b2a2
b2a2A LTINKEEAL 0.247 20 0/4
b2a2 A1 LLINKEEAL 17.795 26 0/4
b2a2 A2 LTINKVEAL 21.996 24 0/4
b2a2 A3 YLINKEEAL 48.151 26 2/4
b2a2 A4 YLINKEEAV 156.770 26 1/2
b2a2 A5 YLINKVEAL 110.747 30 1/2

aresidues in bold (K in the b3a2 and E in b2a2) represent the amino acid at the
fusion breakpoint. Residues underlined represent modifications from the native
sequence: bBIMAS prediction software available at http://bimas.dcrt.nih.gov/cgi-
bin/molbio/ken_parker_comboform; cSYFPEITHI prediction software available
at http://syfpeithi.bmi-heidelberg.com/; dfrequency of positive responses by
interferon-g ELISPOT in healthy donors and patients with CML.



goat IgG F(ab')2 anti-mouse immunoglobulin (Caltag,
South San Francisco, CA, USA), washed twice, fixed
in PBS/1% paraformaldehyde and analyzed using a
FACS Calibur cytofluorometer (Becton Dickinson,
Immunocytometry Systems, San Jose, CA, USA).

The mean intensity of fluorescence (MIF) observed
for each peptide concentration (after dividing the
MIF observed without peptide) was used as an esti-
mate of peptide binding and expressed as a fluores-
cence index. Stabilization assays were performed
similarly. Following initial evaluation of peptide
binding at time 0, cells were washed in RPMI com-
plete medium to remove free peptides and incubated
in the continuous presence of 0.5 mg/mL brefeldin-A
for 2, 4, 6, and 8 hours.

The amount of stable peptide-HLA-A2.1 complex-
es was estimated as described above by indirect
immunofluorescence analysis. The half-time of com-
plexes is an estimate of the time required for a 50%
reduction of the MIF value recorded at time 0.

In vitro immunization and human T-cell cultures
After informed consent, peripheral blood mononu-

clear cells from HLA-A0201 positive healthy donors
and CML patients were obtained by Ficoll-density
centrifugation. Peripheral blood dendritic cells were
generated by isolating monocyte-enriched peripheral
blood mononuclear cell fractions, using a plastic
adherence technique, from total peripheral blood
mononuclear cells. The plastic-adherent cells were
cultured further in RPMI 1640 medium supplement-
ed with 1-5% autologous plasma, 1000 U/mL recom-
binant human interleukin (IL)-4 (Schering-Plough, NJ,
USA), and 1000 U/mL recombinant human granulo-
cyte-macrophage colony-stimulating factor (GM-
CSF) (Immunex, Seattle, USA). On days 2 and 4 of
incubation, part of the medium was exchanged for
fresh culture medium supplemented with IL-4 and
GM-CSF, and the culture was continued. On day 6,
half of the medium was exchanged for culture medi-
um supplemented with IL-4, GM-CSF, and 10 ng/mL
recombinant human tumor necrosis factor-a (R&D
system) and 500 ng/mL of trimeric soluble CD40L
(Immunex). On day 9, the cells were harvested and
used as monocyte-derived dendritic cells for antigen
stimulation. The cells generated expressed dendritic
cell-associated antigens, such as CD80, CD83, CD86,
and HLA class I and class II on their cell surfaces (data
not shown). T lymphocytes were isolated from the
same donors using negative selection by depletion
with an anti-CD11b, anti-CD56 and CD19 mono-
clonal antibody (Miltenyi, CA, USA). A total of 1¥106

pure T lymphocytes were cultured with 1¥105 autol-
ogous dendritic cells in RPMI 1640 medium supple-
mented with 5% heat-inactivated human autologous
plasma with bcr-abl synthetic peptides at a concen-

tration of 10 mg/mL and b2 microglobulin at 2 mg/mL
in 24-well plates in the presence of 5-10 ng/mL
recombinant human IL-7 (Genzyme) and 0.1 ng/mL
IL-12. After culture for 3 days 20 U/mL IL-2 was
added. After 10 days, 1¥106 cells were stimulated
again by adding 2¥105 autologous magnetically iso-
lated CD14+ monocytes together with 10 ng/mL IL-7,
20 U/mL IL-2 and peptide at a concentration of 10
mg/mL. In some cases, after culture for another 7
days, the cells were stimulated a third time, in the
same manner. After the second or third stimulation,
CD8 T cells were magnetically isolated and the cyto-
toxicity and interferon-g secretion of these cells were
then examined.

gg interferon ELISPOT 
HA-Multiscreen plates (Millipore, Burlington, MA,

USA) were coated with 100 mL of mouse-anti-human
interferon-g antibody (10 mg/mL; clone 1-D1K,
Mabtech, Sweden) in PBS, incubated overnight at
4°C, washed with PBS to remove unbound antibody
and blocked with RPMI / autologous plasma for 1 h
at 37°C. Purified CD8+ T cells (more than 95% pure)
were plated at a concentration of 1¥105/well. T cells
were stimulated with 1¥104 T2 cells/well pulsed with
10 mg/mL of b2-microglobulin (Sigma, St. Louis) and
either 50 mg/mL of test peptide, positive control
influenza matrix peptide, or irrelevant control pep-
tide at a final volume of 100-200 mL/well. Control
wells contained T2 cells with or without CD8+ cells.
Additional controls included medium or CD8+ alone
plus PBS/5% DMSO diluted according to the concen-
trations of peptides used for pulsing T2 cells. After
incubation for 20 h at 37°C, plates were extensively
washed with PBS/0.05% Tween and 100 mL/well
biotinylated detection antibody against human inter-
feron-g (2 mg/mL; clone 7-B6-1ab Mabtech, Sweden)
were added. Plates were incubated for an additional
2 h at 37°C and spot development was performed as
described elsewhere.15 Spot numbers were automati-
cally determined with the use of a computer-assisted
video image analyzer with KS ELISPOT 4.0 software
(Carl Zeiss Vision, Germany).

Cytotoxicity assay 
The presence of specific cytotoxic T lymphocytes

was measured in a standard 4 h-chromium release
assay. This assay was performed by labeling 4¥106

target cells with 300 mCi of Na2
51CrO4 (NEN Life

Science Products Inc., Boston, MA, USA) for 1 hour
at 37°C. After washing, 2¥106 cells/mL were incubat-
ed with or without synthetic peptides at a concentra-
tion of 10 m/mL for 2 hours at 20°C in the presence
of b2 microglobulin at 3 mg/mL. After washing by
centrifugation, target cells were resuspended in com-
plete media at 5¥104 cells/mL and plated in a 96-well
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U-bottom plate (Becton Dickinson, NY, USA) at
5¥103 cells/well with effector cells at effector to tar-
get ratios (E/T) ranging from 100:1 to 10:1. Plates
were incubated for 5 hours at 37°C in 5% CO2.
Supernatant fluids were harvested and radioactivity
was measured in a gamma counter. Percent specific
lysis was determined using the following formula:
100¥ [(experimental release minus spontaneous rel-
ease)/(maximum release minus spontaneous rel-
ease)]. Maximum release was determined by lysis of
target cells in 2.5% Triton X-100. 

Results

Identification and generation of peptides with a high
probability of binding to HLA A0201

Peptides with potential epitopes for T lymphocyte
cytotoxicity can be predicted by means of a peptide
library-based scoring system for MHC class I-binding
peptides. Amino acid sequences of the human b3a2
and b2a2 fusion proteins were scanned for peptides
with potential binding capacity for HLA A0201, a
subtype encompassing 95% of the HLA-A02 allele.
HLA-A0201 is expressed in about 40% of the Cau-
casian population. No peptides with high or interme-
diate affinity were identified in the native b3a2 or
b2a2 fusion proteins (predicted half-life longer than 1
minute). We and others have demonstrated this pre-
viously using other methods.16,17 One peptide that
does not exhibit the consensus HLA 0201 binding
motifs has been described10 but it has weak avidity to
MHC. Based on this information and by using the
software of the Bioinformatics & Molecular Analysis
Section (National Institutes of Health, Washington,
DC, USA), available at http://bimas.dcrt.nih.gov/ cgi-
bin/molbio/ken_parker_comboform, which ranks 9-mer or
10-mer peptides on a predicted half-time dissociation
coefficient from HLA class I molecules,14 we designed
several analog peptides by changing one or both
anchor amino acids or additional amino acids adja-
cent to anchor amino acids. Single or double amino
acid substitutions were introduced at HLA A0201
preferred residues (positions 1, 2, 6 and 9) (Table 1) to
yield sequences that had comparatively high binding
scores predicted for HLA A0201 molecules. The pre-
dicted half-life for binding to HLA A0201 was greater
than 240 minutes in four synthetic peptides and less
than 240 in seven. All the native peptides were pre-
dicted to have less than one minute of half-life. Most
of the substitutions affected the primary or second-
ary anchor motifs (leucine in position 2 or valine in
position 9 or position 6) but in some cases, a tyrosine
was substituted in position 1. This substitution has
been shown to stabilize the binding of the position 2
anchor residue.18,19 Table 1 also shows the peptide

prediction according to another online software
available at http://syfpeithi.bmi-heidelberg.com/.13

Binding of HLA-A0201 by selected peptides
For MHC class I-restricted peptides to be immuno-

genic they must be able to bind and stabilize MHC
class I molecules on the live cell surface. Moreover,
the computer prediction models mentioned above
have only 60-80% predictive accuracy, so we next
sought direct measurement of the strength of the
interaction between the peptides and the HLA-
A0201 molecule using two methods: a conventional
binding and stabilization assay that uses antigen-
transporting deficient (TAP2-negative) HLA-A0201
human T2 cells. T2 cells lack TAP function and con-
sequently are defective at properly loading class I
molecules with antigenic peptides generated in the
cytosol. The association of exogenously added pep-
tides with thermolabile, empty HLA-A2 molecules
stabilizes them and results in an increase in the level
of surface HLA-A0201 recognizable by a specific
monoclonal antibody such as BB7.2. Seven out 11
peptides we designed to have higher binding scores
exhibited a relatively high binding affinity for HLA
A0201 molecules as measured by the T2 assay
(Figure 1A). A rough correlation between binding
scores and binding affinity was established, thus
indicating the partial utility of the computer generat-
ed binding scores for predicting peptides that will
bind to MHC class I molecules on live cells. Some of
these peptides demonstrated the same order of bind-
ing affinity as that of a viral antigen such as influen-
za, which is among the most potent known antigens
for inducing T lymphocyte cytotoxicity. In four cases
we did not find a good correlation between comput-
er predicted half-life and T2 stabilization.

One of the peptides derived from b3a2, p210C,
was mutated from a native peptide that did not have
a good prediction score. In spite of this fact, the
native sequence is able to bind HLA A0201 weakly
and at the same level as the previously described
CMLA2 peptide. To design p210C, we substituted a
neutral alanine in position 2 by a leucine and a serine
in position 9 by a valine. p210C has a high BIMAS
score that correlated with T2 binding assay data
(Figure 1A). p210F is a peptide derived from a
sequence previously described,10 CMLA2, shown to
be a weak binder in the T2 assay. In this case we sub-
stituted the two serines in positions 1 and 2 by a
tyrosine and a leucine, in the hope of increasing the
binding and stabilization to HLA A0201, while
retaining the aminoacids for the T-cell receptor inter-
action. The BIMAS prediction showed a 700-fold
improvement and binding to T2 cell revealed an
excellent avidity for HLA A0201 molecules. Of the
peptides derived from b2a2, all were generated from
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a peptide that was not predicted to have avid binding
to HLA A0201. Three new synthetic peptides, b2a2
A3-A5 (Table 1) bound well to HLA A0201 molecules
(Figure 1B). These three peptides have a tyrosine-
leucine sequence substitution at positions 1 and 2
and also a valine substitution in position 6 or 9 that
allow them to increase binding to HLA A0201. 

Induction of CD8 immune response against new
synthetic peptides

While affinity for MHC molecules is necessary for
peptide immunogenicity, there is also a requirement
for the presence of reactive precursor T cells with
appropriate T-cell receptors. Using a optimized T-cell
expansion system, with monocyte-derived dendritic
cells, CD14+ cells as antigen-presenting cells and puri-
fied CD3+ T cells, we investigated whether the new
synthetic b3a2 and b2a2 analogs could stimulate pep-
tide-specific cytotoxic T lymphocytes. Ten healthy
HLA A0201 donors as well four patients with CML
were studied. Five out of the ten individuals respond-
ed to stimulation, generating T cells that secreted

interferon-g when challenged with different peptide-
pulsed T2 cells as targets. p210D and p210E produced
an immune response in some donors tested (data not
shown), although p210C and p210F generated more
consistent and higher immune responses (Figure 2).
Responses were observed after the second or third
round of peptide stimulation after CD8+ isolation or
in unpurified CD3+ T cells. The spot numbers were
consistently higher with peptides that bound with
higher affinity to HLA 0201 molecules as determined
by T2 assay. More importantly, T cells generated in
the presence of the new synthetic analogs were able
to recognize the native sequences. p210C and p210F
were able to stimulate T cells to recognize their
respective native sequences (Figure 2). Peptide CML
A2, the native sequence from p210F, is a natural weak
binder and there is indirect evidence that it can be nat-
urally expressed on the surface of CML blasts. No
immune response could be generated against the
p210A and p210B, despite attempts using different
donors; this result is consistent with their reduced
affinity for MHC. We were also able to generate
immune response to the heteroclitic peptide p210C in
two out of four chronic phase CML patients (b3a2).
After two rounds of stimulation CD8+ cells were
selected and tested using T2 as antigen-presenting
cells. T cells sensitized against the heteroclitic peptide
p210C recognized T2 pulsed with the synthetic pep-
tide with a frequency of almost 400 spot-forming cells
per 1¥105 CD8+ T cells. More importantly these cells
also recognized the native peptide on the surface of
T2 cells with a frequency of 200 spot-forming cells
per 1¥108 CD8+ T cells (around 50% less than the syn-
thetic peptide) (Figure 3).

Figure 1. T2 stabilization assay using peptides derived from (A)
b3a2 translocation and (B) b2a2 translocations. Sequences of the
peptides are shown in Table 1. The fluorescence index is the ratio
between the median fluorescence with the peptide tested divided
by median fluorescence with no peptide. The X axis represents dif-
ferent concentrations of the peptide tested. n denotes native
sequences from b3a2. b2a2A is the native sequence for b2a2. A
positive control with tyrosinase D was performed at a concentra-
tion of 50 mg/mL with a fluorescence index of 2.1. These are
results of a single representative experiment.

Figure 2. CD8+ interferon-gg ELISPOT from a healthy HLA A0201
donor. T cells were stimulated in vitro with the peptides  p210 C
and F. Empty bars: CD8+ cells plus media. Gray bars: CD8+ plus
APC T2. Striped bars: CD8+ plus T2 pulsed with tested peptide
(p210C or p210F). Black bars:  CD8+ plus T2 pulsed with native
peptide (cross reactivity). Dark gray bars: CD8+ plus T2 pulsed with
irrelevant control peptide.
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The peptides derived from b2a2 were also able to
generate a significant immune response as measured
by interferon g secretion by CD3+ T cells. Peptides
b2a2 A3, A4 and A5 generated an immune response.
The response against b2a2 A3 was more consistent
between donors. T cells generated in the presence of
b2a2 A3 were able to identify the original native
sequence (Figures 4A and 4B). This is of special rele-
vance because the native sequence was found to be a
weak binder in our preliminary work describing the
peptides that bind to different HLA.17 ELISPOT-
detected interferon-g it is not always associated with
functional killing. Therefore we tested the T-cell lines
obtained after several stimulations with the analog
peptide in classic chromium-51 assays using peptide-

pulsed target cell lines. T cells generated in vitro in the
presence of p210C, p210F and b2a2 A3 were able to
kill T2 cells pulsed with specific peptides, but not T2
cells without peptide or T2 cells with control pep-
tide. Therefore these peptides were also able to gen-
erate a cytolytic response by cytotoxic T cells.
Furthermore, T cells stimulated with p210F peptide
were able to recognize the native sequence, CMLA2,
confirming once again the heteroclitic response
(Figures 5 and 6). These experiments were also per-
formed using HLA-matched CML cell lines or CML
blasts expressing the respective translocation (b3a2
or b2a2). In these cases we were only able to gener-
ate a non-significant, low level of cytotoxicity (data
not shown) raising the possibility that the native pep-
tides were not naturally processed and/or sufficient-
ly expressed on the surface of the leukemic cells as
has been postulated by others. It is possible that the
chromium-51 release assay is not a sensitive enough
technique, when conducted over these short time
periods, to evaluate the killing of target cells with a
low number of molecules on their surface. 

Discussion

Chronic myelogenous leukemia provides a unique
opportunity for developing therapeutic strategies
using vaccination against a truly tumor-specific anti-
gen that is also the oncogenic protein required for
neoplasia. None of the native CML peptides that we
and others have reported to bind to human MHC,
bound the HLA pocket with high affinity. This may
explain, in part, the lack of a detectable immune
response to bcr-abl peptides seen in patients with
CML despite the new expression of this novel anti-
gen in the CML cells. In an attempt to overcome the
relatively poor binding of natural fusion bcr-abl pep-
tides to HLA A0201 complexes and make a more
immunogenic vaccine for the 40% of patients

Figure 3. CD8+ interferon-gg ELISPOT from a CML patient  (b3a2) in
chronic phase after two stimulations in vitro. T cells were stimu-
lated in vitro with the peptide  p210C. Empty bar: CD8+ cells plus
media. Gray bar: CD8+ plus APC T2. Striped bar: CD8+ plus T2
pulsed with p210C. Black bar:  CD8+ plus T2 pulsed with native
peptide p210Cn (cross reactivity). Dark gray bar: CD8+ plus T2
pulsed with irrelevant control peptide.

Figure 4. CD3+ interferon-gg ELISPOT
from two healthy HLA A0201 donors
after two stimulations in vitro. T cells
were stimulated in vitro with the pep-
tides b2a2 A3, A4 and A5. Empty bars:
CD8+ cells plus media. Gray bars: CD8+

plus APC T2. Striped bars: CD8+ plus T2
pulsed with tested peptide (b2a2 A3,
A4 or A5). Black bars:  CD8+ plus T2
pulsed with native peptide (cross reac-
tivity). Dark gray bars: CD8+ plus T2
pulsed with irrelevant control peptide.
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expressing HLA A0201, we synthesized a series of
CML fusion peptide analogs with single and double
amino acid substitutions and tested them for binding
to HLA A0201, for the ability to form stable pep-
tide/HLA A0201 and for the ability to stimulate T
cells in vitro. A strong correlation has been found
between overall analog peptide affinities for MHC
class I molecules and in vivo peptide immunogenicity
in both in vivo and in vitro systems.20,21 Among the pep-
tide analogs tested, four b3a2 and three b2a2 pep-
tides were found to form stable complexes with cell-
associated HLA A0201. These high affinity peptides
were able to generate specific CD8+ T cells far more
efficiently than the native peptide were able to. Most
importantly the T cells thus stimulated were able to
recognize the native CML fusion peptide sequences.

Previous studies have shown that bcr-abl fusion
peptide-specific cytotoxic T lymphocytes may lyse
native CML cells efficiently,7,8,10 especially if express-
ing the HLA A0301 bcr-abl fusion peptides.
However, a recent study22 was unable to find high
avidity bcr-abl-specific cytotoxic T lymphocytes.
HLA-A0201 bcr-abl peptide-specific cytotoxic T lym-
phocytes have been very difficult to demonstrate,
with only one report of low levels of cytotoxicity.10

We have been unable to confirm these data in our
systems. This is a major reason why we designed the
present heteroclitic peptides. In this study, we
obtained a significant level of cytoxicity using pep-
tide-pulsed targets (either T2 or leukemic cell lines
with the specific translocation), but not using HLA-

matched leukemic cell lines or CML cells from
patients in blast crisis. In addition, the chromium-51
release assay may be not the best way to evaluate
killing of small percentages of progenitor cells. CML
CD34+ clonogeneic cell inhibition studies may be a
better approach for examining this problem. The lack
of cytotoxicity of the synthetic peptide-specific cyto-
toxic T lymphocytes against CML blasts could repre-
sent a limitation to the clinical application of a vac-
cine.

Statistical-matrix-driven predictions have been
more successful than the presence of simple motifs at
predicting the binding of peptides to HLA molecules,
suggesting that MHC binding is, to some extent, the
result of a combinatorial specificity.23-25 About 60-
70% of the peptides identified using this approach
will bind well. The identification of analog peptides
based on these methods has been applied recently to
the identification of cytotoxic T lymphocyte epi-
topes deduced from several tumor antigens.26-28 The
more recent incorporation of artificial neural net-
works has improved the capacity for peptide predic-
tion.29

Several groups have designed artificial variants of
MHC class I-binding self-peptides in murine models
in vivo and in human systems in vitro.30-35 The
improved in vivo immunogenicity and relevance of
MHC anchor-modified ligands was first shown for-
mally in human neoplastic disease in a controlled
study of patients with malignant melanoma using a
melanoma-associated A0201-restricted peptide
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Figure 5. Cytotoxicity assay with T cells from a healthy HLA A0201
donor after three stimulations in vitro. T cells were stimulated in
vitro with the peptide p210F.  Target cells used were the T2 cell
line pulsed with the respective peptides. Open squares: T2 with no
peptide. Black diamonds T2 pulse with p210F. Open circles: T2
pulsed with CMLA2. Open triangles: T2 pulsed with irrelevant con-
trol peptide. 

Figure 6. Cytotoxicity assay with T cells from a healthy HLA A0201
donor after five stimulations in vitro. T cells were stimulated in
vitro with the peptide b2a2 A3.  Target cells used were the T2 cell
line pulsed with the respective peptide. Open squares: T2 with no
peptide. Black diamonds: T2 pulsed with b2a2 A3 peptide. Open
circles: T2 pulse with irrelevant control peptide. These are results
of a single representative experiment.
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derived from gp100.32 Recently HLA-tetramer-based
detection methods have shown that the parental
melan-A antigenic peptides are weak agonists which
activate antigen-specific T cells suboptimally.36 In
contrast, melan-A peptide analogs were identified
that behaved as full agonists and induced full T-cell
activation leading to strong tumor antigen-specific
cytotoxic T lymphocyte responses.37

In conclusion, computer algorithm-based predic-
tive models of T-cell epitope peptides has allowed us
to design a series of new bcr-abl fusion peptide anti-
gens that have a greater affinity for human MHC
molecules than do the native peptides. The mutant
analogs display greater immunogenicity than the
native sequences in vitro and are capable of stimulat-
ing human CD8+ cytotoxic T lymphoycte heteroclitic
responses that cross-react with the native sequences.

Although these peptide-specific T cells were not able
to kill HLA-matched CML cell lines or CML blasts, as
assessed by the chromium release assay, these new
heteroclitic peptides offer alternative sequences for
studies leading to clinical trials for vaccination of
patients with CML.
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