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Cancer vaccines for patients with acute myeloid
leukemia - definition of leukemia-associated antigens
and current clinical protocols targeting these antigens
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Targeted immunotherapies require the identification and characterization of appropriate
antigen structures. Initially, T-cell based cancer vaccines were designed for patients with
solid tumors after the definition of suitable tumor-associated antigens. Several immunolog-
ical and even clinical responses prompted researchers and clinicians to extend the spec-
trum of cancer vaccines towards hematologic malignancies such as acute myeloid leukemia
(AML). Only 20-40% of all patients with AML achieve a disease-free survival of more than 5
years. The graft-versus-leukemia (GVL) effect observed after allogeneic stem cell transplan-
tation and donor lymphocyte infusions strongly suggests that T lymphocytes play a major
role in the rejection of leukemic cells. Therefore, immunotherapy directed against leukemia-
associated antigens might elicit specific immune responses that could eliminate minimal
residual disease after chemotherapy, or enhance the GVL effect after hematopoietic stem
cell transplantation. This review summarizes hitherto identified and characterized LAA as
targets for T-cell-based immunotherapies. Current clinical peptide vaccination trials target-
ing different epitopes of the Wilms’ tumor gene 1 (WT1), the proteinase-3 derived epitope
peptide (PR1) and the receptor for hyaluronic acid mediated motility (RHAMM/CD168)-
derived epitope R3 are reviewed, and perspectives but also limitations of immunotherapeu-

tic approaches for AML patients are discussed.
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Immunotherapeutic approaches for
patients with acute myeloid leukemia

acute myeloid leukemia (AML) younger

than 60 years achieve a complete remis-
sion after polychemotherapy or stem cell
transplantation.' In elderly patients with AML,
the rate of complete remissions is markedly
reduced.” AML patients often relapse and the
S-year survival rate of all patients with AML is
rather poor, being 20-40%.' Given the progno-
sis of AML patients, there is a fervent need for
novel therapies that could reduce the risk of
relapse after chemotherapy or stem cell trans-
plantation by eliminating residual leukemic
cells. i.e. minimal residual disease. Eradication
of such residual leukemic cells after allogeneic
stem cell transplantation using donor lympho-
cyte infusions* provides strong evidence for
the efficient action of T lymphocytes against
leukemic cells which express major histocom-
patibility (MHC) class I and class II molecules
and the co-stimulatory molecule CD80.° The
development of more leukemia-specific T-cell
therapies for AML patients depends on the
molecular definition of immunogenic
leukemia-associated antigens (LAA) that are
specifically recognized by the immune sys-
tem.’

Sixty to eighty percent of patients with

Leukemia antigens (LAA)

Identification of LAA and specific immune
responses in AML patients

The first attempts to identify so called wumor-
associated — antigens (TAA), i.e. antigens
expressed in cancer cells but not or only at a
low level in normal tissues, were made in
patients with melanoma and renal cell carcino-
ma (RCC) using cytotoxic T lymphocyte
(CTL) cloning techniques.” In 1995, Sahin et al.
inaugurated the method of serological screen-
ing of ¢cDNA expression libraries (SEREX).°
With this technology, a large number of TAA
were identified in different types of solid
tumors.® One example is the tumor-associated
antigen NY-ESO-1, which elicits both specific
CD4* and CD8* T-cell mediated immune
responses in patients with solid tumors.” In
contrast to solid tumors, only a few tumor
(leukemia)-associated antigens have been char-
acterized in patients with AML: our group
identified the receptor for hyaluronic acid
mediated motility (RHAMAM/CD168) and the
m-phase phosphoprotein 11 (MPP11) as the
most interesting LAA in our SEREX screening
with sera from AML patients. These antigens
induced serological immune responses in
patients with AML and chronic myeloid
leukemia (CML), but not in healthy volunteers
or patients with autoimmune diseases.™"
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Chen et al. identified a RHANMM/CD168-like protein that
induced serological immune responses in 70% of AML
patients, but not in healthy volunteers.” For
RHAMM/CD168, we characterized the naturally
processed peptide RHAMM/CD168-R3 as an epitope
inducing specific immune responses by CD8" early effec-
tor T cells.” Lysis of autologous AML blasts, dendritic cells
generated from autologous AML blasts and
RHAMM/CD168-R3-pulsed T2 cells was restricted to
major histocompatibility complex class I molecules and
was epitope-specific as demonstrated in antibody-blocking
and cross-priming experiments." In addition to these
antigens newly identified in AML patients, various differ-
ent tumor-associated antigens already characterized in
solid tumors or other hematologic malignancies have been
reported to induce immune responses in patients with
AML. Proteinase 3 is a synonym for the anti-nuclear cyto-
plasmatic antigen (ANCA) which is known to be immuno-
genic in Wegener’s granulomatosis. A CTL epitope pep-
tide, designated PR1, has been shown to induce specific
immune responses in HLA-A*0201 positive patients with
CML or AML.® Molldrem et al. characterized these
immune responses as mediated by high affinity CD8" T
lymphocytes.” A phase I/l clinical peptide vaccination
trial has already been initiated for HLA-A*0201 positive
patients with myelodysplastic syndrome, AML or CML,
and immunological and clinical responses could be meas-
ured in these vaccinated patients.” The Wilms' tumor gene
1 (WT1), a differentiation gene, is expressed in most AML
patients,”** but also in CD34 positive cells of early normal
hematopoiesis; its expression in patients with AML is cor-
related with a poor clinical prognosis.'*** Specific CD8" T-
cell responses against WT1-derived peptides could be
detected in HLA-A*24 and HLA-A*0201 positive patients
with AML.” Elisseeva et al. showed that humoral immune
responses against the WT1 protein could be elicited in
patients with WT1-expressing malignancies: 3/18 AML
patients showed serological immune responses against
WT1, as detected by enzyme linked immunosorbent
assays.” lkeda er al. showed that the TAA PRAME is a
melanoma-associated antigen recognized by CTL in a
HLA-A*24-restricted manner.”® PRAME is a dominant
repressor of retinoic acid receptor (RAR) signaling and it
binds to RAR in the presence of retinoic acid, thus prevent-
ing ligand-induced receptor activation and target gene tran-
scription.”® Different peptides inducing specific immune
responses of CD8" T cells were characterized in HLA-
A*0201 positive patients with AML.” No serological
immune responses to PRAME have been described up to
now.

Dendritic cells expressing the oncofetal antigen-imma-
ture laminin receptor (OFA-iLRP) have induced specific
CD8" T cells.” Siegel et al. described the lysis of OFA-iLRP-
expressing AML cells but not of normal cells of healthy
volunteers.” It has been demonstrated in murine and
human studies that OFA-ILRP is an immunogenic protein
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Table 1. Humoral and cellular immune responses against different
LAA in patients with AML, solid tumors or other hematologic
malignancies.

LAA Serological CD8 T-cell  CD8 T-cell CD8' T cell
immune responses in - responses responses in
responses in  patients with in patients with ~patients with
patients with AML AML solid tumors  other hematological
malignancies
BAGE ND ND Yes* ND
BCL-2 ND Yes™* Yes*® CLL
CML28 ND ND ND cmLes
6250/CA IX ND Yes® Yes* ND
HTERT ND ND Yes* ND
MPP11 371%™ ND ND ND
OFA-iLRP ND Yes?62? Yes* CML, Mm2e2
PRAME ND Yes” Yes* ND
Proteinase3 ND Yes'®* ND CML, MDS's-18*
RHAMM 42%" 54%" ND CLL,* CML*
RHAMM-like 70%' ND ND ND
Survivin ND Yes®e3 Yes*® CLL*
WT-1 17%* Yes?' 2% Yes™ CML, MDS®-=2*

ND: no data available; AML: acute/chronic myeloid leukemia; CML: chronic
myeloid leukemia; MDS: myelodysplastic synd'Zome; MM: multiple mryeloma.
For the abbreviations of the antigens refer to the text. Only the four cases marked
with an asterisk represent data obtained in vaccinated patients.

that specifically induces T cells of patients with AML**
and various solid tumors.” BCL-2 is another antigen induc-
ing specific T-cell responses in AML patients. BCL-2 plays
an important role in the regulation of apoptosis. Andersen
et al. described spontaneous immune responses of specific
CTL against BCL-2 in patients with AML, but not in
healthy volunteers.” Antibody-directed immune responses
have not hitherto been described for either OFA-ILRP or
BCL-2.

Using the SEREX approach, high titer antibody respons-
es to the leukemia-associated antigens CML28 and CML66
were detected in patients with CML. These immunoglob-
ulin G responses against these two antigens showed a cor-
relation with immune-induced remission by donor lym-
phocyte infusion.® Both CML28 and CML66 were highly
expressed in leukemic blasts from patients with AML and
CML in blast crisis, but not in normal peripheral blood or
most bone-marrow cells.*** CD34" hematopoietic progen-
itor cells showed a low level of expression of these anti-
gens.* Recently, HLA-A*0201-restricted specific T-cell
responses against CML28 were described in healthy volun-
teers® and CML patients. Survivin inhibits apoptosis and is
expressed in several human cancers and hematologic
malignancies but not in most differentiated normal adult
tissue.” Leukemic cells of AML patients express survivin,
and responses by specific CD8" T cells were found in can-
cers and recently also in AML patients.®* Due to its can-
cer-related expression, survivin is a promising target for
specific immunotherapies. Survivin expression was associ-
ated with a shorter overall survival in childhood AML but
non in adult AML patients.” A characteristic finding in
about 50% of AML cases is the presence of chromosomal
translocations resulting in generation of tumor-specific
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Table 2. Differential expression of various LAA in AML, normal tissue and normal CD34* hematopoetic progenitor cells.

LAA Gene Expression Expression in Expression in Expression Expression in
function frequency in AML other hematological in solid tumors in normal normal CD34
malignancies tissue stem cells
BAGE Related to hypomethylation®® 21%* CML: 4% Various solid CT antigen*** No expression®
tumors*
BCL-2 Oncogene, inhibition 84%*° High expression of a Various solid In different normal Positive®’
poptosis®” in different tumors® tissues®®
hematologic malignancies®
CML28 Component of human exosome, involved ~ 89%* CmLss2+ Various solid No expression Positive™
in processing and degradation of RNA* tumors™® except testis*
(6250/CA9 Hypoxia regulated gene® 51%* Unknown RCC,* head and No expression*>? No expression®
neck,** NSCLC*
HAGE Unknown 23%*° CML: 54% Various solid testis, placenta and Unknown
tumors® pancreas™
hTERT Catalytic subunit of the 28%% CLL: 59%, Various solid No expression® Positive,”
telomerase gene, activation CML: 53%* tumors®™ negative®
of telomerase activity®™
MPP11 m-phase phosphoprotein 11, 86%*° CML: 90%,* Various solid Testis, low expression in 17%*
cell proliferation® CLL: 13%°® tumors' kidney and lung®
OFA-iLRP Oncofetal protein, 100%2® CLL,ALL, CML*® Various solid No expression®-*2 No expression®
receptor for uptake tumors®®
protein into cells**
PRAME Controversial repressor 64%°%" CML: 62%,% Various solid Testis, placenta, No expression®
of retinoid acid,”® induction CLL: 3%, tumors® ovary, pancreas®
of apoptosis® ALL: 429%™
PR3 Neutrophil serine elastase, 67%'°% CMLe72 Not in solid tumors”™ Myeloid cells™ and Positive?’*
IL-32 binding protein”” normal tissues’™
RHAMM Formation of mitotic spindle, 70%" AML, MDS, MM, Ovarian carcinoma, Testis, thymus, No expression,”
signal transduction”™ CML, CLL™ 42048 RCC, breast cancer, placenta® positive in mobilized SC**
melanoma’®
Survivin Inhibition of apoptosis™ 100%™ CLL,™ Different lymphomas, Various solid Not in normal Positive®
CML® MM#2 tumors® differentiated tissues’***
WT-1 Transcription factor® 67%,% 89%, AML, MDS, CML?'-23:20 Various solid Only placenta® Positive?*?
7% tumors®®

CT gene: gene only expressed in cancer tissue and testis; RCC: renal cell carcinoma; NSCLC: non-small cell lung cancer.

fusion products. Over 95% of CML patients express the
fusion product ber-abl that could induce specific T-cell
responses.” Such tumor-specific products might consitute
appropriate structures for immunotherapeutic approaches
also in patients with AML. However, as of present only a
few fusion products inducing specific immune responses
in AML patients have been identified. One fusion protein
that induces immune responses in AML patients is DEK-
CAN, a product derived from the t(6;9) translocation. A
CD4 cell line was shown to kill B cells pulsed with pep-
tides derived from the breakpoint region of this fusion
molecule.” However, this molecular event is rare in AML
patients and no cellular immune response of CD8" T cells
has been demonstrated. Osman et al. showed activation of
CD4" and CD8" T cells by dendritic cells pulsed with a
peptide derived from the PML-RARa fusion product pres-
ent in acute promyelocytic leukemia.” Maeda et al. were
able to induce HLA-A*0201-restricted CTL lines against an

MTG8-derived peptide using monocyte-derived dendritic
cells from a healthy donor.* The fusion protein AMLI-
MTG8 might, therefore, be an interesting target in t(8;21)
positive AML as it is expressed in about 20% of patients
with AML. Nevertheless, further experiments investigating
the specificity, frequency and natural processing of this
potential antigen need to be performed.

Differential expression of immunogenic LAA in AML
blasts and other hematologic malignancies, solid
tumors, different normal tissues and normal CD34*
hematopoetic progenitor cells

The definition of LAA is an essential step for the design
of a specific immunotherapy for leukemias. An optimal
target structure which qualifies as a potential LAA for spe-
cific immunotherapeutic approaches should be preferen-
tially expressed in leukemic cells, but not in either
hematopoetic progenitor cells or normal tissues.
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Cancer/testis antigens are antigens which are only
expressed in cancer cells and in testis/germline cells.
Different immunogenic antigens characterized in solid
tumors or leukemias are expressed in AML cells and are
listed in the Table 2. AML is a clonal disorder of the
hematopoetic system, therefore the homogeneity of the
LAA expression is high, especially when compared with
LAA expression in CML.>*

Immunotherapeutic approaches in AML

Cytokines and donor lymphocyte infusion

The immune system plays an important role in the con-
trol of malignant/leukemic cells. Different rather unspe-
cific therapies have been employed to stimulate the
immune system against AML blasts: interleukin-2, a
cytokine for T-cell stimulation, induced clinical remis-
sions in AML patients.®* Additionally, interferon-a
induces long-term remissions in CML patients and this
effect might be induced by specific stimulation of the
immune system against LAA.* Grigg et al. described the
use of interferon-a to promote graft-versus-host disease
(GVHD) after allogeneic bone marrow transplantation
and to enhance the graft-versus-leukemia (GVL) effect
observed after donor lymphocyte infusion.” For younger
patients with AML and CML, allogeneic stem cell trans-
plantation is a curative treatment option. This approach
exploits the effects of total body irradiation and
chemotherapy, but also the induction of the GVL effect.
In case of relapse or minimal residual disease, the infusion
of donor lymphocytes is a therapeutic option to induce
anti-leukemia effects.® These immunological effects
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activated T lymphocyte

Figure 1. Peptide vaccination of patients with
AML. Therapeutic vaccination with a peptide con-
sists in the subcutaneous injection of the peptide
into the thigh in the vicinity of loco-regional
lymph nodes of an AML patient. The injected
exogenous peptide can bind to a class | molecule
of the major histocompatibility complex (MHC) of
an antigen presenting cell (APC) such as a
Langerhans’ cell and is presented to a naive
CD8+ T lymphocyte migrating to the next lymph
node (upper panel). The nucleus of an AML blast
contains DNA encoding a specific leukemia asso-
ciated antigen (LAA), which is translated and
digested in the proteasome (lower panel).
Subsequently, the antigen is processed in the
MHC class | pathway and eventually presented
on the surface of the AML blast by a class | mol-
ecule of the MHC. Thus, the presented peptide in
the groove of the MHC class | molecule can fit
the T-cell receptor (TCR) of a lymphocyte which
has been activated in the way indicated in the
upper part of the cartoon presenting the same T-
cell epitope peptide derived from the LAA. In this
case, the T-cell docks again on the MHC class |
molecule with the LAA epitope peptide, resulting
in release of granzyme B, perforin and FasL lead-
ing to the lysis of the AML blast. This is the aim
of immune therapy for AML using a defined T-cell
epitope peptide derived from a LAA.

demonstrate the potential of donor lymphocytes to reject
malignant cells and suggest that LAA are recognized by
these donor lymphocytes.

Peptide vaccination trials in AML

LAA-derived T-cell epitope peptides can be adminis-
tered into the skin where they are potentially taken up by
antigen presenting cells forming the immunological
synapses with T cells in locoregional lymph nodes. Such
vaccination might result in an enhanced T-cell response
against leukemic cells (Figure 1). Various peptides derived
from LAA are under clinical investigation for AML
patients in current peptide vaccination trials: (i) the pro-
teinase 3-derived peptide, PR1; (if) WT1-derived peptides
(iil) the RHAMM/CD168-derived peptide, R3.

Data from these peptide vaccination trials are summa-
rized in Table 3: (i) The proteinase 3-derived peptide, PR1,"®
has been investigated in a phase I/Il study. The HLA-
A*0201-restricted CD8* T-cell epitope peptide PR1 has
been combined with incomplete Freund’s adjuvant and
granulocyte-monocyte colony-stimulating factor and
administered every three weeks for a total of 3 vaccina-
tions. Patients with AML, CML and MDS were included
in this study.” Specific immunological responses were
observed in more than 50% of patients and clinical
responses were also detected. Vaccine-induced PR1-spe-
cific CD8" T cells with high avidity were measured by a3-
chain mutant tetramers. The frequency of these T cells
seemed to be predictive of the clinical responses of the
patients to the peptide vaccination.'"” (ii) Phase I/II pep-
tide vaccination trials have been performed for patients
with AML, CML and MDS using Wilms’ tumor gene 1
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Table 3. Clinical peptide vaccination trials in patients with AML.

Antigen Peptide Patients * Vaccine Immune  Clinical status Clinical status Number of References
sequence/amount  HLA type  adjuvant  response before after patients included
evaluation  vaccination vaccination in the trial
Proteinase 3 “PR1", A2 IFA (ISA-51) Tl 16/20 relapsed 3/16 CR, 20 with AML, 18
Pos. 169-177: & GM-CSF or refractory AML 1/16 PR totally 35
VLQELNVTV 75 g (including MDS, CML)
0.25,0.5 or 1.0 mg s.c.
q3wks x 3
RHAMM/CD168 “R3",
Pos. 165-173: A2 IFA (ISA-51) TE 3PR 1 CR, 1 PD, 3 with AML, 14,93
ILSLELMKL & GM-CSF  5/10 (50%) 15D totally 10
0.3 mg s.c. (including MDS and MM)
W11 Pos. 235-243: A24 IFA (ISA-51) Tl 12 CR 12 cCR** 12 with AML, 23
CMTWNQMNL totally 26, incl. 2
with modification breast ca,
CYTWNQMNL 10 lung ca, 2 MDS
0.3,1.0 or 3 mgi.d.
Pos. 126-134:
RMFPNAPYL, A2 KLH&GM-CSF  T|I 2/12 CR, 1 CR, 2 cCR**, 12 with AML 91-93
0.2 mgi.d/s.c. 10/12 (84%) 4/12 PR, 43D,5PD
6/12 PD

*methods: T: peptide tetramer staining, I: intracellular interferon y staining, E: enzyme linked immunospot (ELISpot) assay. The peptide sequences are given using the
international amino acid code, IFA : incomplete Freund’s adjuvant/ISA-51/montanide, GM-CSF : granulocyte-monocyte colony-stimulating factor, RHAMM/CD168:

receptor for hyaluronic acid mediated motility/ clusters of differentiation 168; KLH: keyhole limpet

emocyanin; CML: chronic myeloid leukemia; MDS: myelodysplastic

syndrome; MM: multiple myeloma; s.c: subcutaneously; i.d.: intradermally; BM: bone marrow; CR: complete remission; <5% blasts in the bone marrow and normal
peripheral blood counts. cCR: continous complete remission hematologically, in part reduction of the WT1 signal in reverse transcriptase polymerase chain reaction;
PR: partial remission; 5-25% blasts in bone marrow or greater than 50% reduction of blasts; PD: progressive disease; SD: stable disease; q3wksx3: three vaccinations

every 3 weeks; ca: carcinoma.

(WT+1)»*-derived peptides matching HLA-A2 or HLA-
A24. Recently, Mailander et al. described the induction of
a complete remission in an HLA-A2" patient vaccinated
with a WT1 peptide.” Scheibenbogen reported on the
vaccination of HLA-A2" patients. One patient in partial
remission achieved a complete remission after vaccina-
tion; two others maintained their complete remission.
Nine patients with progressive disease remained stable or
progressed further.” Oka et al. described a phase I study
using an HLA-A24-restricted peptide for patients with
breast cancer, lung cancer, AML and MDS.” Peptide
derived from WT1 was also emulsified with the incom-
plete Freund’s adjuvant. Twelve out of a total of 25
patients were AML patients in complete remission and
remained in complete remission during the peptide vacci-
nation.” Clinical responses in patients with other types of
tumor could be correlated to the increase of WT1-specif-
ic immune responses.” (iii) For the cell-surface antigen
RHAMM/CD168,"*** a phase /1l peptide vaccination trial
using the HLA-A2-restricted RHAMM/CD168-R3-pep-
tide was initiated in patients with AML, MDS and multi-
ple myeloma. In vitro experiments showed specific T-cell
responses from CD8' early effector T cells against
RHAMM/CD168 in AML patients." RHAMM/CD168 is
a naturally processed antigen that is highly expressed in
the majority of patients with AML, CML and multiple
myeloma, but also in those with different solid tumors."
Ten patients suffering from AML, MDS or multiple

myeloma were vaccinated with the RHAMM/CD168-R3
peptide. Five of these ten patients showed immunological
responses; among the three patients with AML, one
achieved complete remission having been in partial
remission, one remained stable, and one had progressive
disease.” Vaccination strategies using peptides in patients
with hematologic malignancies were shown to be safe,
confirming the experience in patients with solid tumors,
and specific immune responses could be detected.
Therefore, the search for the best peptides, the optimal
conditions and also appropriate adjuvants must be contin-
ued once the results from all patients in these studies have
been fully evaluated.

Potential limitations of immunotherapy in AML

T cells play an important role in the immune defense
against solid tumors and hematologic malignancies; how-
ever, there are mechanisms that might hamper tumor
control by T lymphocytes, e.g. therapy-related immune
defects, loss of MHC class I molecules, immunosuppres-
sive factors secreted by cancer cells, direct tumor cell/T-
cell interactions and induction of regulatory T cells.

Immune defects in AML patients

Chemotherapeutic approaches might induce cytopenia
in the peripheral blood as well as in the bone marrow, but
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their effect on T-cell function is not clear. Wendelbo et al.
described a dose-dependent effect on T cells:** myeloma
patients with post-transplant cytopenia have a more
severe cellular immune deficiency than patients treated
with conventional chemotherapy. However, several stud-
ies showed that circulating T cells detected early after
chemotherapy are functional.”* The memory T-cell com-
partment in particular is less affected by chemotherapy
and even by stem cell transplantation approaches in
leukemia patients.”*® Moreover, Wendelbo et al. showed
that the proliferation of T cells of AML patients increased
after intensive chemotherapy and that these cells are
effector cells for specific immunotherapeutic approaches
in AML.” Recently, our group demonstrated that AML
patients with expression of at least one of the LAA,
RHAMM, PRAME or G250 on their leukemic blasts had a
significant improvement of overall survival.* This posi-
tive effect might result from sufficient stimulation of the
immune system to eliminate cells of minimal residual
AML cells after chemotherapy.*

The inhibition of antigen presentation by MHC class I
molecules is an effective strategy for tumors to escape
from immune system control. Impairment of transporter
associated with antigen processing (TAP) and lack of
MHC class I molecules have frequently been observed in
various different human cancers.®* In AML, CD40 and
CD80 molecules are deficient, but HLA molecules and
CD86 are preserved on AML blasts, and therefore consti-
tute a prerequisite for AML blast recognition by the
immune system.® Nevertheless, further studies need to be
performed to obtain deeper insights into immune escape
mechanisms in AML.

T-cell recruitment in AML

Microenvironment and leukemia cell/T-cell interactions
also play important roles in the immune escape of
leukemia cells. Leukemic cells from patients with chronic
lymphocytic leukemia (CLL) express high levels of
immunomodulatory factors including transforming
growth factor-f and interleukin-10, which suppress a T-
cell response to antigens, as well as T-cell activation and
expansion."™ Ohm et al. described tumor-induced
immune suppression by overexpression of vascular
endothelial growth factor (VEGF).” Moreover, FasL has
been detected on a number of tumors, including CLL and
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