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1. Immunology

1
Introduction, scope and outline

1.1 Antigen detection and clearance
The human immune system is a well-balanced constellation of processes that cooperate to
protect individuals from disease. Invading pathogens, e.g., bacteria and viruses, and tumor
cells are efficiently detected and eradicated without affecting healthy cells. To accomplish
this, the immune system has evolved to discriminate self molecules from non-self molecules
(i.e. antigens), as first described by Frank Burnet.1 It was Polly Matzinger and colleagues who
continued on this concept by postulating that the immune system responds to ‘danger’
rather than ‘non-self’, 2 which also explained how immune reactivity is generated against self
and ‘altered’ self during autoimmunity and tumor rejection, respectively. Since adaptations
to bypass immune recognition is a common feature of pathogens 3 and tumor cells (discussed
later), a variety of immunological mechanisms have developed that can target extracellularly
derived (exogenous) and intracellularly synthesized (endogenous) antigens in a non-specific
and specific manner.
The first and non-specific line of immune defence is the innate immune system, involving
among others complement components, neutrophil granulocytes, monocytes, macrophages,
dendritic cells (DCs) and natural killer (NK) cells. Exogenous antigens enter the human body
from the surrounding environment and can be coated with complement factors that augment
their recognition and clearance by antibodies. This occurs either via formation of neutralizing
antigen-antibody complexes or monocytes, macrophages and neutrophils that internalize
and degrade these antigens via a process called phagocytosis. Innate immune cells can detect
repetitive structures on pathogens called pathogen-associated molecular patterns or PAMPs
via pattern recognition receptors (PRRs).4 The best described PRRs are Toll-like receptors
(TLRs), which are localized at the plasma membrane or within endosomes. 5 DCs also detect
antigens by PRRs, but are more specialized in cleaving internalized antigens into peptides to
be presented to lymphocytes in the lymph nodes. B and T lymphocytes belong to the second
and highly specific line of immune defence, the adaptive immune system. To clear antigens, B
cells produce antibodies against free exogenous antigens, while T cells sense processed forms
of exogenous and endogenous antigens displayed on antigen-presenting cells (APCs). CD8+
cytotoxic T cells (CTLs) are the classical killer T cells, which eliminate abnormal cells expressing
endogenous antigens, such as virus-infected and tumor cells. CD4+ T helper (Th) cells are the
key orchestrators of an immune response, which classically detect exogenous antigens in order
to regulate both innate and adaptive (B and T cell) immunity.
To become effector cells, antigen-inexperienced (i.e. naive) T cells residing in the lymph
nodes need to be induced by professional APCs, such as DCs. DCs can efficiently present
antigens and additionally deliver specific stimulatory signals to naive T cells, thereby serving
as potent APCs that bridge innate and acquired immunity.6 After uptake of antigens in their
immature state in the periphery, DCs are stimulated to mature via PRR ligation and presence
of proinflammatory molecules (e.g., IFN-a, IL-1, IL-6 and TNF-a). During DC maturation, both
antigen processing and presentation and the ability to migrate to secondary lymphoid tissues
are enhanced. When mature DCs reach the lymph nodes, the antigens displayed on the cell
surface are specifically recognized by naive T cells, leading to their activation. This so-called
priming of T cells will eventually determine which types of effector cells are activated (Figure
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Figure 2

1) and, as a direct consequence, whether an activating or inhibitory immune response will be
generated against target cells.
1.2 T cell types and function
Upon exposure to IL-12 produced by the interacting APC, naive CD4+ T cells polarize to IFNg-producing T helper 1 (Th1) cells. These effector cells are mainly required for the induction
of cellular immunity against intracellular antigens by amplifying the function of CTLs, either
directly via costimulation or the secretion of cytokines like IFN-g and IL-2, or indirectly via
APC activation.7 Once activated by APCs and Th1 cells, CTLs undergo clonal expansion and
establish an effector T cell population that can kill abnormal cells bearing the same antigens
as encountered during priming. After interaction with the target cell, CTLs release cytotoxic
compounds into the intercellular space, a mechanism called degranulation. 8 One of these
compounds, perforin, creates pores in the target cell membrane that allows granzymes to
enter the cytoplasm and cause apoptotic cell death. CTLs can also directly bring target cells
into apoptosis by expressing Fas ligand (FasL),9 which engages Fas displayed at the target cell
surface leading to activation of the apoptosis-inducing caspase cascade. Besides their ability to
boost CTL-mediated cytotoxicity, Th1 cells provide help to B cells, stimulate APCs to degrade
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Figure 1. Different roles of myeloid dendritic cells (DCs) and tumor cells as antigen presenting cells
(APCs) in the activation of T cells, which can be either positively or negatively involved in diverse
immunologic responses.
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phagocytosed antigens and finally have been reported to possess lytic properties as well,
independent of CTL activity.10
Another major class of effector CD4+ T cells, Th2 cells, develops from naive cells under
influence of IL-4 and is mainly associated with humoral immunity against parasitic antigens.
Activated Th2 cells also produce IL-4 themselves, which drives B cells to differentiate into
plasma cells and secrete neutralizing antibodies against the antigen that was sensed and
presented by the APC. In addition, IL-4 reverses Th1 cell differentiation of naive cells to the
Th2 lineage and suppressed the production of IFN-g by Th1 cells. This is also achieved in the
presence of another cytokine, IL-10, which is classically produced by regulatory T cells (Tregs),
but also by Th2 cells, and inhibits Th1-associated cytokines including IL-12, IFN-g and IL-2. Tregs
are a more specialized type of immunosuppressive Th cells, which secrete IL-10 and TGF-b to
prevent Th1 or Th2 cell activation and maintain immune homeostasis and tolerance to self
molecules. Two Treg subsets are known with different antigen specificities and function: one
that is naturally occurring, produced in the thymus (i.e. nTregs) and detects self molecules; and
one that is induced by antigens as well as cytokines such as TGF-b (i.e. iTregs).11 A fourth type
of effector CD4+ T cells, Th17, is involved in immunity to extracellular antigens from bacteria
and fungi,12 and is thought to play a central role in immune reactivity against self molecules,
resulting in autoimmunity.13 New Th subsets with specific functions are still being identified, with
Th9 and Th22 cells as recent examples.14;15 The presence of Th subsets with unique functional
characteristics shows that the regulation of adaptive immunity by CD4+ T cells is a dynamic but
well-regulated process that can adapt to efficiently target different types of antigens.
1.3 T cell priming and maturation
For efficient priming of naive T cells, four sequential signals have to be provided by the APC.
The first signal is the interaction of the T cell receptor (TCR) with antigenic peptides loaded
onto specific surface receptors termed major histocompatibility complex (MHC) molecules,
referred to as human leukocyte antigens (HLA). Antigenic peptides loaded onto HLA class I
molecules are detected by CD8+ CTLs, while CD4+ T cells only sense peptides displayed on HLA
class II molecules. The second signal is provided by the association of costimulatory molecules
on APCs and T cells, classically being CD80 (i.e. B7.1) or CD86 (i.e. B7.2) with CD28, respectively.16
These molecules are upregulated on DCs following PAMP interaction with the corresponding
PRR. In the absence of this signal, T cells become anergic resulting in T cell depletion or
tolerance to the peptide.17 Alternatively, induced expression of cytotoxic T lymphocyte antigen4 (CTLA-4) on activated T cells results in a negative feedback signal via binding to CD80 or
CD86.18 The third signal for T cell priming involves the triggering by Th-polarizing cytokines,
either secreted by or regulating the function of the APC, resulting in skewing of T cells into
functionally different subsets (as described in the previous paragraph). Finally, a fourth
signal includes presence of factors derived from the APC or its environment that generate
homing receptor imprinting of T cells. Specific induction of homing receptor expression
targets polarized T cells to home to certain tissue sites to exert their function. For example,
T cells primed by DCs from skin-draining lymph nodes selectively exhibit E- and P- selectin
ligands promoting migration to the inflamed skin (Mora 2005). After this process of priming,
activated T cells proliferate and mature either into effector cells, which are actively involved
in the immune response, or memory cells, which survive for a long period and contribute to
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the maintenance of the immune response. These differentiation stages can be characterized
by specific cell surface expression profiles. CD45RA is a positive marker for naive and effector
cells and CD45RO is exclusively present on memory cells. In combination with CD27 expression,
naive (CD45RA+CD27+), effector (CD45RA+CD27-), central memory (CD45RO+CD27+) and effector
memory (CD45RO+CD27-) cells can be recognized.
1.4 Antigen presentation
For the generation of specific, long-lasting T cell immunity, it is of importance that antigens
are efficiently processed and presented in APCs in order to provide the first signal of T cell
activation, both during T cell priming and recognition of abnormal target cells (see Figure 1).
Normally, endogenously formed antigens and exogenously derived antigens are processed
separately for presentation by HLA class I and II molecules, respectively, but for professional
APCs, crosstalk between antigen presentation pathways has been reported as well.
Classical HLA class I-restricted presentation: endogenous antigens
With respect to the conventional pathway of HLA class I-restricted antigen processing and
presentation (Figure 2A), endogenously synthesized antigens are first degraded into short
peptides in the cytoplasm by a multicatalytic proteinase complex termed the proteasome.19
Thereafter, proteasome-generated peptides are translocated into the endoplasmic reticulum
(ER) via the function of the transporter associated with antigen processing (TAP), 20 another
major component of HLA class I antigen processing machinery that is localized in the ER
membrane. Within the ER, these peptides can be further trimmed by ER aminopeptidases
associated with antigen processing (ERAAPs) into nonameric peptides needed for optimal
HLA class I loading. 21 The macromolecular peptide loading complex (PLC), which consists of
TAP, tapasin, calreticulin and ERp57, 22 ensures that newly formed HLA class I heavy chain-b2microglobulin (b2m) heterodimers are properly folded in the ER lumen, allowing the allelespecific peptides to bind to the HLA class I peptide-binding groove. After peptide loading, the
HLA class I/peptide complex is dissociated from the chaperones that promote ER retention and
transported into the default secretory pathway, after which it eventually reaches the plasma
membrane for presentation.

Figure 2. Pathways described in antigen-presenting cells to process and present antigens. For classical
HLA class I antigen loading and presentation, endogenously formed antigens are processed by the
proteasome and transported into the ER by the TAP molecule (A). During cross-presentation, exogenously
derived antigens can first be exported into the cytoplasm for degradation by the proteasome, after which
peptides are either directed into the ER (pathway 1; refs. 32-34) or re-imported into early endosomes
(pathway 2; refs. 36;37) via TAP for HLA class I loading (B). Exogenous antigens can also be directly
processed in the lysosomes by local proteases before loading onto HLA class I molecules that accumulate
in endosomal storage compartments (C). HLA class II complexes are normally loaded with exogenous
antigens after binding to Ii in the ER and exchanging CLIP for antigenic peptides in the MIICs (D).
Another type of HLA class II presentation pathway includes the delivery of endogenous antigens to the
lysosomes by autophagosomes (i.e. macroautophagy; panel E). Translocation of these antigens into such
compartments can also be mediated by the chaperone protein hsc70 and its receptor LAMP‑2A present
on the lysosomal membrane during a process called chaperone-mediated autophagy (i.e. CMA; panel F).
Ag, antigen; CLIP, class II‑associated invariant chain peptide; DM, HLA‑DM; DO, HLA-DO; ER, endoplasmic
reticulum; Ii, invariant chain; MIIC, MHC class II‑containing compartment; TAP, transporter associated with
antigen processing. (Adapted from van Luijn et al. Immunotherapy 2010; 2(1):85-97)
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Classical HLA class II-restricted presentation: exogenous antigens
The endosomal/lysosomal pathway plays a central role in HLA class II antigen presentation
by processing exogenously derived antigens for loading onto HLA class II molecules (Figure
2D). 23 After their uptake, exogenous antigens are delivered to lysosomes and degraded into
peptides by specific proteases. For subsequent peptide loading, HLA class II molecules need
to be transported into the endosomal/lysosomal pathway. This occurs via the association of
newly synthesized HLA class II a and b heavy chains with the Invariant Chain (Ii or CD74) in
the ER to form a nonameric complex. This complex is specifically targeted via two dileucinebased endocytic-sorting motifs in the cytoplasmic tail of Ii to specialized antigen-loading
compartments, known as MIICs (MHC class II-containing compartments). 24 Besides its role
in endosomal/lysosomal targeting, Ii also contributes to the stabilization and proper folding
of HLA class II heterodimers in the ER.25 During transport to the MIICs, Ii is degraded by
specific pH-sensitive endosomal proteases (cathepsins) until a small remnant remains left in
the HLA class II peptide-binding groove. 26 In the MIICs, this class II-associated invariant chain
peptide (CLIP) is exchanged for an exogenous peptide, a process that is catalyzed by an HLAlike chaperone molecule, HLA-DM (DM). 27 As reported in B cells and some types of DCs, DM
associates to another HLA-like chaperone, HLA-DO (DO), which is able to restrict the function
of DM. 28-30 After this exchange, HLA class II molecules are transported from the MIICs to the
plasma membrane, where it is presented to T cells.
HLA class I-restricted cross-presentation: exogenous antigens
The classical route of antigen processing and loading onto HLA class I molecules explains
how endogenous antigens can be presented on virus-infected professional APCs or tumor
cells for T cell recognition. For professional APCs, it has been shown that in a process called
cross-presentation, also exogenously derived material can be processed for presentation by
HLA class I molecules. 31 The two major cell biological questions regarding cross-presentation
are how exogenous antigens in the endosomal/lysosomal pathway are trimmed to the right
size for loading and in which cellular compartment these antigens are loaded onto HLA class
I molecules. To date, the pathways of cross-presentation are generally described as being
direct or indirect. The cross-presentation pathway demonstrated by Huang et al. is indirect
and uses the endogenous HLA class I antigen processing machinery to process exogenous
antigens (Figure 2B).32 After entry into early endosomes, these antigens are exported into
the cytoplasm, degraded by the proteasome and translocated via TAP into the ER lumen for
HLA class I loading. Another indirect cross-presentation pathway described by Burgdorf et
al.,33 and by Guermonprez et al.,34 involves the same mechanism of antigen processing, but
in these cases the proteasome-generated exogenous peptides are imported again into early
endosomes by endosomal-localized TAP for loading onto HLA class I molecules (Figure 2B).
It remains controversial whether this peptide re-import is made possible by Toll-like receptor
4 (TLR4)- and MyD88-dependent recruitment of TAP to early endosomes, 33 or whether this
involves the fusion of early endosomes with the ER.34 In addition, recent data show that lipid
bodies might also serve as key organelles in the indirect pathway of cross-presentation. 35 The
direct cross-presentation pathway reported by Shen et al.,36 as well as Di Pucchio et al.,37 does
not depend on cytoplasmic transit of exogenous antigens nor does it involve the function of the
proteasome or TAP. Instead, the classical endosomal/lysosomal pathway acts as the processing
site for these antigens (Figure 2C), in which the generation of peptides is strongly dependent
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HLA class II-restricted ‘reverse cross-presentation’: endogenous antigens
In recent years, it has become evident that APCs, including myeloid DCs (mDCs), B cells and
certain tumor cells, also can process endogenous antigens for presentation onto HLA class II
molecules, which we would like to call ‘reverse cross-presentation’. Until now, studies performed
to elucidate the antigen processing pathways for this type of presentation have yielded
conflicting data. On the one hand, processing of endogenous antigens for loading onto HLA
class II molecules has been described to take place in the endosomal/lysosomal pathway. 38 The
transport of cytoplasmic endogenous antigens into this pathway can be accomplished through
two types of autophagy, the major cellular housekeeping mechanism. During macroautophagy,
large cytoplasmic particles, like endogenous antigens, are taken up into autophagosomes and
delivered to the endosomal/lysosomal pathway for degradation after fusion with lysosomal
compartments (Figure 2E).39;40 Additional studies demonstrated that endogenous antigen
processing via this mechanism of autophagy is primarily dependent on lysosomal proteases
rather than the proteasome and TAP.41;42 A second autophagic process, chaperone-mediated
autophagy (CMA), is more specific and involves translocation of small cytoplasmic products,
such as endogenous peptides, into the lysosomes via the chaperone protein hsc70 and its
receptor LAMP-2A on the lysosomal membrane (Figure 2F).43 For CMA-dependent processing,
premature degradation of endogenous antigens into peptides by the cytoplasmic proteasome
is considered to be a critical step.44 This suggests that on the other hand, HLA class I antigen
processing machinery plays an important role in ‘reverse cross-presentation’ of endogenous
antigens. Indeed, Lich et al.45 and Tewari et al.46 showed that the proteasome and TAP were
required for certain endogenous antigens to be processed and loaded onto HLA class II
molecules. Because antigen presentation occurred irrespectively of the endosomal/lysosomal
pathway, it is possible that proteasome- and TAP-dependent endogenous peptides can also
be loaded onto newly synthesized HLA class II heterodimers in the ER. This type of antigen
presentation will be addressed in the context of leukemia in the present thesis (chapter 7).
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on cathepsin S.36 HLA class I antigen loading occurs within endosomal storage compartments
that acquire newly synthesized HLA class I monomers via pathways that are currently only
partially defined.37 Indications of how this type of antigen presentation might play a role in
leukemic cells will be described in this thesis (chapter 9).

2. Tumor immunology
2.1 Tumor immune surveillance
The development of tumor cells is most often the result of a combination of abnormalities
in genetic material, which leads to transformed cells that express altered-self molecules, also
known as endogenous tumor-associated antigens (TAAs). Common examples of such TAAs
include the abnormal products of p53 and ras, as well as melanoma-related (e.g., tyrosinase and
MART-1)47 and breast cancer-related (e.g., ETA and MUC-1)48 antigens. As extensively described
in section 1.2, endogenous antigens are processed and presented via different mechanisms by
APCs. It is universally accepted that T cell immunity takes a central position in tumor immune
surveillance. Tumor-specific CTLs need to be activated by TAA-presenting APCs and effector
Th1 cells in order to fully eradicate the tumor. For the induction of such an anti-tumor immune
response, two different features of T cell immunity are important: tumor-specific T cell priming
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as well as recognition (shown in Figure 1). T cell priming occurs for the most part by the
function of professional APCs, such as mDCs, which present TAAs and costimulatory molecules
to naive T cells. After priming, Th1 cells activate TAA-primed CTLs to effectively detect and
attack tumor cells that display endogenous TAAs at the cell surface. The majority of tumor cells
do not express costimulatory molecules, which are not required for T cell recognition, but are
necessary to prime naive T cells. There are a few specific tumor cells however, such as myeloid
leukemic cells, that are able to present such molecules,49;50 because of their same cellular origin
as professional APCs. Therefore, tumor cells with these capabilities may not only be involved in
T cell recognition, but also in TAA-specific T cell priming.51;52
2.2 Tumor immune escape
Unfortunately, a commonly observed feature of tumor immune surveillance is that T cells do
not respond properly against tumor cells, which results in their escape and outgrowth. In this
situation, both the function of T cells and tumor cells has to be taken into account. Certain
tumor cells have the capability to negatively affect T cell immunity, a process called ‘tumor
immune editing’.53;54 This has profound functional consequences for tumor-specific T cells,
including inefficient priming and/or recognition. In general, tumor cells inhibit T cell priming
by producing or harnessing the production of immunosuppressive molecules (e.g., IL-10 and
TGF-b) that prevent DC maturation.55 This leads to either suppression of T cell activation or
induction of T cell anergy or Tregs through the absence of costimulation and secretion of
proinflammatory cytokines. In primary myeloid leukemic cells, we demonstrated that another
immunosuppressive molecule, indoleamine 2,3-dioxygenase (i.e. IDO), a metabolic enzyme
that causes immune suppression via induction of cell cycle arrest of T cells upon tryptophan
degradation, predicts a poor clinical outcome in acute myeloid leukemia (AML).56 To evade
recognition by effector CTLs followed by a cytotoxic effect, tumor cells upregulate molecules
that interfere with apoptotic pathways employed by CTLs to kill tumor cells (e.g., Bcl-2 and
PI-9).57;58 Very recently, we also showed that leukemic cells of AML cases might escape TNFrelated apoptosis-inducing ligand (i.e. TRAIL)-mediated apoptosis by using TRAIL-R3 as decoy
receptor.59 Impaired antigen presentation represents a more universal mechanism of tumor
immune escape, involving a lack of costimulation,60 which only affects T cell priming, or
endogenous TAA presentation,61 which interferes with both T cell priming and recognition.
Thus, to avoid the mechanisms used by tumor cells in order to escape immune surveillance,
immunotherapeutic strategies are needed that enhance TAA-specific T cell immunity in vivo.
2.3 Tumor immunotherapy
Currently used immunotherapeutic approaches to treat or even prevent cancer development
in humans are based on the stimulation or introduction of immune mechanisms that support
the host immune system in the process of tumor eradication. This can be achieved through
general activation of immune cells, e.g., by administration of IL-2 or IFN-a, but more tumorspecific forms of immunotherapy are required that, either in a passive or active manner, only
target the tumor cells to circumvent immune escape.
For passive tumor immunotherapy, monoclonal antibodies or immune effector cells are
generated ex vivo and subsequently administered to patients. By the use of such strategies,
respectively, a humoral or cellular immune response against tumor cells is adopted instead of
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‘actively’ stimulated by the immune system of the patient. Monoclonal antibody treatment
involves the targeting of a single molecule, e.g., a TAA,62 on the tumor cell, which prompts
antibody-dependent cellular cytotoxicity (ADCC) mediated by NK cells or the detection and
phagocytosis by macrophages. To boost their anti-tumor effect, monoclonal antibodies may
alternatively be conjugated to toxic agents,63 resulting in direct tumor cell kill. Deficiencies in
cellular immunity can be counteracted by the use of passive immunotherapy with activated
effector cells, such as NK cells and lymphokine-activated killer (LAK) cells. Such cells are
directly infused into the patient following IL-2-induced ex vivo activation and expansion of
peripheral blood mononuclear cells (PBMCs) from either the same patient or a related donor
(autologous transplantation) or a non-related donor (allogeneic transplantation). In addition to
general cellular immunity, passive immunotherapy can also be exploited for specific targeting
of tumor cells via adoptive transfer of tumor-specific effector T cells.64 These T cells can be
generated in culture upon specific priming to TAAs and activation by professional APCs or
after direct isolation from a growing tumor (i.e. tumor-infiltrating lymphocytes [TILs]).65;66 The
use of passive immunotherapeutic strategies for patients has yet some limitations, including
restricted TAA specificity and short-lasting anti-tumor memory due to limited persistence of
tumor-specific T cells.
The aim of active tumor immunotherapy is to instigate an effective immune response in
cancer patients themselves to combat tumor evasion. Using this type of immunotherapy, an
attempt is made to disrupt the immune suppressive environment favouring tumor outgrowth
and turn the immune system of the patient specifically against tumor cells. As T cells are the
most prominent effector cells during tumor immune surveillance, tumor-specific T cell priming
in vivo is the primary objective for active tumor immunotherapy. This can be achieved by the
administration of pro-inflammatory cytokines, such as IFN-g, IL-2 or IL-12,67 which bypasses
the suppressive effects of tumor cells on T cell activation. If effector T cells in patients are not
specific for TAAs however, optimization of TAA presentation is needed to drive tumor-specific
T cell priming. For this purpose, immunization with vector- or cell-based cancer vaccines is a
promising approach, since it offers a broad range of TAAs to unprimed T cells in the patient.
Vector-based cancer vaccines are engineered viruses or other carriers that bring tumor DNA
or TAAs into professional APCs for presentation.68 Cell-based cancer vaccines include TAAcontaining DCs or tumor cells, which are capable of directly presenting TAAs to T cells.69 Due
to the progress in culture techniques to generate and expand DCs in vitro and their enhanced
antigen presentation skills, such cells could have a high potential as cancer vaccines by making
use of loading strategies with total TAA pools, as will be further discussed in this thesis.
Besides the presence of TAA-specific T cells, also effector T cell recognition of tumor
cells has to be warranted for the development of successful tumor immunotherapy. For solid
tumors, major obstacles that must be overcome are the limited accessibility of the tumor by
T cells and the loss of T cell function due to the immunosuppressive microenvironment of the
tumor. For hematological malignancies, this is probably of less importance and tumor escape
mechanisms involving the direct interaction with T cells, as described in paragraph 2.2, may be
a more prominent target for intervention studies. One of these mechanisms used by tumor
cells, down-modulation of TAA presentation, could affect initial tumor recognition by T cells,
and is therefore, although it receives less attention in this respect, a critical issue to take into
consideration.

19

1

2.4 Impaired tumor-associated antigen presentation
HLA class I escape mechanisms in neoplasia
In various types of solid tumors, multiple HLA class I abnormalities have been reported that can
affect any phase of the processing and presentation pathway, including HLA synthesis, assembly,
peptide loading and plasma membrane expression. These abnormalities are the result of genetic
or epigenetic alterations involved in the expression of HLA class I molecules and components
of the HLA class I antigen processing machinery. According to the definition of HLA class I
deficiencies by Garrido et al., HLA haplotype loss, HLA locus loss, HLA allelic loss, total HLA
loss or combinations of each represent the major altered tumor phenotypes. 70 An alternative
mechanism is that tumor cells are unable to upregulate HLA class I expression in response to
interferons or present aberrant HLA-E after down-regulation of classical HLA-A, -B and -C
molecules, but these phenotypes are seen less frequently. HLA haplotype, locus and allelic losses
provoke a selective absence of HLA class I molecules on tumor cells and are the consequence
of loss of heterozygosity (LOH) at chromosome 6p21, transcriptional dysregulation and genetic
mutations, respectively. 71 The most dramatically altered tumor phenotype, total HLA loss, can
directly result from changes in HLA class I gene transcription. These changes include disturbed
DNA binding of nuclear transcription factors and epigenetic silencing of the HLA class I heavy
chain gene, leading to aberrant HLA class I synthesis.72;73 Another direct cause of total HLA loss
involves b2m gene mutations, which hampers HLA class I assembly.74 Furthermore, mutations in
the genes encoding for tapasin or subunits of the proteasome (LMP-2 or -7) and TAP (TAP-1 or
-2) indirectly cause total HLA class I loss by interfering with HLA class I peptide loading, release
from the ER chaperones and finally plasma membrane expression. 75 The latter deficiencies may
not only result in total HLA loss, but could also stimulate cross-presentation of non-relevant
exogenous antigens instead of endogenous TAAs.
HLA class II escape mechanisms in neoplasia
In contrast to HLA class I-restricted antigen presentation, the occurrence of abnormalities in
the HLA class II antigen processing and presentation pathway and their functional relevance
have not been investigated extensively in tumor cells. The main reasons are that most solid
tumor cells lack HLA class II expression and are not present in the lymph nodes to influence
T cell activation. Some tumors however, such as melanoma and lung carcinoma, but also B
and myeloid leukemia, do possess the ability to express HLA class II molecules and activate
tumor-specific CD4+ T cells. In addition, leukemic cells as well as solid tumor metastases are
able to reach the lymph nodes, in which metastasizing melanoma cells have been shown to
be involved in T cell suppression.76;77 This implies that alterations in HLA class II expression
and antigen presentation on these types of tumors could have a detrimental effect on tumorspecific T cell immunity. Several molecular mechanisms can be responsible for deficient HLA
class II expression on tumor cells. The repression of gene transcription leads to a loss of HLA
class II synthesis, either via point mutations and deletions in the HLA class II genes,78 or via
hypermethylation of the activator of immune response-1 (AIR-1) locus encoding for the
‘master’ regulator of HLA class II gene transcription, class II transactivator (CIITA).79 Since CIITA
additionally activates genes involved in classical HLA class II transport and peptide loading,
including Ii and DM, respectively, silencing of this transcription factor also results in the
inability of tumor cells to process HLA class II molecules in the endosomal/lysosomal pathway
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and present TAAs. Still, consistent with HLA class I, total and partial HLA class II loss are also
common altered phenotypes seen in HLA class II-positive tumor cells, which have a negative
clinical and functional impact.80 In such tumor cells, HLA class II-restricted escape may also be
the result of selectively impaired TAA processing without affecting HLA class II expression per
se. Melanoma cells lacking the gamma-interferon-inducible lysosomal thiol reductase (GILT)
have low cathepsin activity and DM expression,81 suggesting that both degradation of antigens
in lysosomal compartments and HLA class II antigen loading in the MIICs is impaired during
macroautophagy. In a study with B lymphoma cells, it was shown that glutathione depletion
led to inhibition of lysosomal proteolysis under immunosuppressive conditions, which caused
impaired antigen processing.82 Also, in patients with B cell chronic lymphocytic leukemia (CLL)
and AML, indications were found for the involvement of DO in clinical outcome, 50;83;84 pointing
to a regulatory role in HLA class II antigen loading.

3.1 Normal hematopoiesis
All effector cells of the innate and adaptive immune system that are involved in the detection
and clearance of antigens derive from multipotential hematopoietic stem cells (HSCs). Via a
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21

1

differentiation process called hematopoiesis (Figure 3), early progenitor cells evolve into cells
that belong to either the myeloid or lymphoid cell lineage. Common myeloid progenitor
(CMPs) can differentiate into myeloblasts with commitment to the granulocytic or monocytic
sublineage. Granulocytic cells further develop into promyelocytes and myelocytes to finally give
rise to mature granulocytes, such as neutrophils. Monocytic cells follow a line of differentiation
via promonocytes and monocytes to form macrophages and mDCs. The developmental
program of lymphoid cells goes through common lymphoid progenitors (CLPs) that are able
to become NK, B and T cells via lymphoblast and prolymphocyte differentiation stages, which
indicates that lymphoid-committed precursors are responsible for cells with effector function
against APCs. Thus, the complete differentiation of both myeloid and lymphoid hematopoietic
cells is a prerequisite for establishing well-balanced cellular immunity to antigens in general.
3.2 Classification of AML
Acute myeloid leukemia (AML) is a hematological malignancy characterized by an arrest in
myeloid cell differentiation (Figure 3), resulting in uncontrolled growth of immature, abnormal
cells that accumulate in the bone marrow. This accumulation affects normal differentiation of
hematopoietic cells resulting in a decrease of fully matured leukocytes in the peripheral blood
(leukopenia), which makes patients highly susceptible to bacterial and viral infections. Other
clinical manifestations are anemia and thrombocytopenia. Mutations in genes that control the
differentiation and proliferation of myeloid cells underlie these pathogenic events. Besides
an excess of abnormal leukocytes, e.g., blasts, integrated approaches are applied to diagnose
patients with AML, including morphology, cytochemical analysis, flow cytometry, molecular
biology and cytogenetics. AML can be defined according to the classical French-AmericanBritish (FAB) system,85 which is based on morphological and cytochemical features of blasts to
determine their lineage and stage of differentiation. Incorporation of immunophenotyping in
the diagnosis of AML using flow cytometry allows a detailed analysis of abnormal cells within
normal myeloid cell populations. By staining cells with monoclonal antibodies conjugated to
fluorescent dyes (fluorochromes), potential leukemic cells with aberrant expression patterns
of surface and intracellular proteins are recognized. The classification system presented by the
World Health Organization (WHO) in 2001,86 which was revised in 2008,87 also includes specific
genetic abnormalities to identify AML subtypes, such as chromosomal translocations t(8;21),
inv(16) and t(15;17). The detection of translocations is of great importance for the prognosis
and treatment of patients. Patients can be classified into three distinct cytogenetic risk groups,
which associate with either a favorable [t(8;21), inv(16), t(16;16) or t(15;17)], intermediate [neither
favorable nor adverse; t(9;11) or adverse [complex karyotype, -5 or -7, deletion(5q), abnormality
3q or 11q23, t(6;9), inv(3), t(3;3) or t(1;22)] clinical outcome. The presence of mutations in
specific genes (i.e. FLT3, NPM1 and CEBPA) is additionally used to identify AML subgroups,
which influences the prognosis of patients with a normal karyotype. Isolated mutations in NPM1
and CEBPA are correlated with prolonged survival,88;89 whereas internal tandem duplications
(ITDs) in FLT3 are associated with shortened survival rates in AML.90
3.3 Treatment of AML
For the treatment of AML patients, current strategies aim to induce complete leukemic cell
eradication followed by consolidation (i.e. post-remission) therapy. When AML is diagnosed,
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patients receive intensive induction therapy by means of chemotherapeutic agents such as
cytarabine (ARA-C) and an anthracycline (daunorubicin or idarubicin). In one of the subtypes
of AML, acute promyelocytic leukemia (APL), which is characterized by presence of t(15;17),
early diagnosis and treatment is of utmost importance because life-threatening bleeding and
clotting complications are associated with the disease.91 APL patients are effectively treated
with all-trans-retinoic acid (ATRA),92;93 a vitamin A derivative that abolishes the suppressive
effect of the t(15;17) fusion product, PML-RAR, on the differentiation of promyelocytes.94;95
The purpose of first-line treatments is to obtain a complete remission (CR) state, which is
defined by bone marrow aspirates showing normally differentiated blood cells and less than
5% of blasts according to morphology as well as a recovered number of peripheral blood
cells. Approximately 75% of the younger (≤60 years) and 50-60% of the elderly (>60 years)
AML patients attain a CR.96 To remain in this state and eventually achieve a cure, however,
subsequent consolidation therapy is needed to eliminate the small number of leukemic cells
that persisted following induction chemotherapy. The outgrowth of these so-called minimal
residual disease (MRD) cells results in disease recurrence upon reaching CR.97;98 Patients with
increased risk for a relapse can be identified by monitoring MRD cells for a leukemia-associated
phenotype (LAP),99 which is based on a combination of surface antigens that are aberrantly
expressed compared to normal hematopoietic cells. AML patients with favorable cytogenetics
are given a second treatment course (i.e. post-remission treatment), consisting of another two
or three cycles of chemotherapy. For all other AML patients, autologous or allogeneic stem
cell transplantation (SCT) is often recommended as post-remission therapy, if an appropriate
donor is available. This can be an HLA-matched sibling, matched-unrelated donor (MUD) or
umbilical cord blood (UCB) donor. Despite intensive post-remission therapy, relapses are still
emerging in about 30-50% of patients while the clinical outcome of patients with relapsing AML
is rather disappointing.96 This underlines the requirement for a further intensification of current
treatment programs and the introduction of novel strategies in AML (www.hovon.nl).
3.4 AML immunotherapy
The occurrence of relapses after achieving CR is the main obstacle in AML treatment, which is
caused by myeloid leukemic cells that survive induction and consolidation therapy and grow
out during MRD.97;98 A model for this outgrowth is the persistence of leukemic stem cells (LSCs),
which are resistant to chemotherapy and, due to their self-renewing capacity, contribute to
recurrence of the disease.100 High frequencies of populations of cells with LSC characteristics
during MRD has been described to be a predictor of poor survival in AML.101 Identification of LSCspecific markers and expression patterns on MRD cells may lead to the design of more targeted
therapies that prevent the survival of LSCs.102;103 In addition, to discover new targets for treatment
optimization, it is essential to understand the behaviour of surviving leukemic cells during
disease progression.104 Besides the involvement of chemotherapy resistance, an appealing
notion is that at AML diagnosis, the host immune system was apparently not able to eliminate
leukemic outgrowth, indicating immune escape by leukemic cells as pathogenic mechanism.
In an attempt to overcome this potential immune escape, current treatment protocols for
AML patients include immunotherapeutic strategies such as allo-SCT and donor lymphocyte
infusions (DLI), which are applied in CR. The application of these strategies not only contributes
to immune reconstitution, but may also generate graft-versus-leukemia (GvL) effects via donor
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allogeneic NK and T cells. The role of donor NK cells in the induction of GvL effects was shown in
patients with AML that received an HLA haplotype-mismatched transplantation. A high donorto-recipient NK cell alloreactivity was significantly associated with a low relapse rate.105;106 For
haploidentical allo-SCT, donor T cells are considered as the main type of effector cells involved
in GvL effects by responding to TAA-expressing APCs.107 It was described by several studies
however, that the use of haploidentical allo-SCT followed by DLI could not prevent relapse
occurrence in the majority of AML cases.108;109 Additionally, donor T cells induce severe graftversus-host disease (GvHD), which makes it challenging to develop approaches that improve
their ability to specifically detect myeloid leukemic cells. In vitro generation of effector T cells
specific for leukemia-associated antigens (LAAs), such as WT-1, PRAME, RHAMM and PR-1,
or hematopoiesis-restricted minor histocompatibility antigens (mHags), has received much
attention.109-111 Since AML is a heterogeneous disease however, an immune response against
a broad range of LAAs is wanted, which encourages different laboratories to examine the
function of LAA-presenting DCs for their use as potential vaccines in vivo. We previously have
shown that manufacturing AML-derived DCs might be an attractive tool to enable efficient LAA
presentation and stimulation of leukemia-specific T cells.112-114 Another method is the use of
optimally activated monocyte-derived DCs (moDCs) loaded with exogenous LAAs, which will
be further addressed in the first part of this thesis.

4. Scope and outline of the thesis
In recent years, the use of allo-SCT and DLI as a passive immunotherapeutic approach has
appeared to significantly improve outcome in AML. However, treatment-related mortality is a
common complication, which makes further development of immunotherapeutic approaches
an absolute requirement. This could be obtained by gaining more insight into a model of AML
immunopathogenesis, in which we assume that myeloid leukemic cells are not recognized by
donor and host T cells to boost long-lasting anti-leukemic immunity and full tumor eradication
in vivo. Consequently, leukemic cells are able to escape immune surveillance during disease
onset, which, in the face of an intact cellular immune system, permits uncontrolled growth.
This might be due to suboptimal activation of leukemia-specific T cells, either as the result of
the excessive number of leukemic cells that interfere with the priming function and activation
of DCs in the lymph nodes, or a high immune escape potential of leukemic cells themselves. In
case the transiency of a leukemia-specific T cell response is the leading cause, either DCs do not
generate an adequate amount of memory T cells or the survival of memory T cells is the limiting
factor. If the efficacy of such a response is insufficient, not only the properties of DCs and T
cells, but also the capability of leukemic cells to regulate T cell function could be crucial.115;116
Continuous pressure of the host immune system may change the phenotype of leukemic cells,
which creates escape variants with a low tumor immunogenicity that provoke tolerance by or
even suppression of tumor-specific T cells.54 More knowledge about these phenomena could
be instrumental to discover novel targets that potentially avoid immune escape,117 which may
be the final step towards successful tumor immunotherapy in AML.
In this thesis, we examined antigen presentation as an aberrant mechanism in AML, with the
purpose to understand more about the lack of anti-leukemic immunity and provide a rationale
for the design of new active immunotherapeutic strategies that stimulate LAA-specific T cell
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activation in patients. Effective priming of T cells is the initial event towards a potent anti-tumor
immune response (Figure 1), which normally depends on the function of professional APCs.
Therefore, our first assumption is that professional APCs do not efficiently present LAAs in
patients with AML, which leads to aberrancies in LAA-specific T cell priming. In part II of this
thesis, we address the perspective of DC vaccines as an active immunotherapeutic approach
for effective MRD treatment in AML. Chapter 2 discusses the ex vivo design of several DC
types with potential to improve LAA presentation and trigger leukemia-specific T cell priming
in vivo. A detailed survey is provided of promising preparation and LAA loading strategies to
manufacture such vaccines. In chapter 3, we demonstrate the effect of several combinations of
LAA sources and activating stimuli on the function of moDCs. By incubation with maturationinducing cytokines and TLR7/8 ligand before and after maturation, we assessed LAA uptake and
the capacity of LAA-loaded DCs to migrate and stimulate T cells.
In addition to DCs as professional APCs, myeloid leukemic cells also have to capacity to
serve as APCs by presenting HLA class I and II as well as costimulatory molecules at the plasma
membrane.49;118 Defects in antigen presentation by these tumor cells could result in impaired
recognition by effector T cells (Figure 1), but may also be involved in tumor-specific T cell
priming. Because of their potential to migrate to the lymph nodes, leukemic cells that have
deficient antigen presentation might interfere with conventional activation of T cells by DCs,
causing ineffective T cell skewing. Previously, we found that a high frequency of CLIP-expressing
leukemic cells in AML patients was correlated with poor survival, 50 suggesting a negative role
of CLIP in tumor immunogenicity. Therefore, our second assumption, which is addressed for
the most part in this thesis (part III), holds that CLIP presentation by leukemic cells in AML
is detrimental for effective T cell function and associates with altered antigen presentation
pathways.
In chapter 4, an expanded cohort of newly diagnosed patients with AML was studied for
CLIP expression on leukemic cells by flow cytometry to confirm its clinical impact. The data
were compared to disease-free survival (DFS) and overall survival (OS) rates. We also downmodulated CLIP on myeloid leukemia cell lines using specific Ii siRNA to assess their ability to
stimulate CD4+ T cells from healthy volunteers. To investigate the potential impact of CLIP in
vivo, we used leukemic cells from AML patients in autologous functional assays (chapter 5).
Long-term CD4+ T cell co-cultures with CLIP+ and CLIP- primary leukemic cells of the same
patients were analyzed for differences in T cell activation, polarization, memory differentiation
and antigen-specific expansion. Chapter 6 explores the involvement of CLIP in treated AML
patients during MRD. By analysis of its expression on residual leukemic cells with a LAP, which is
characteristic for MRD cells, we studied whether CLIP also predicted the incidence of and time
to relapse (i.e. relapse-free survival [RFS]) for patients in CR, thereby indicating its contribution
to immune surveillance in controlling the disease after treatment.
In mice studies, it has been reported that expression of Ii, the precursor of CLIP, in other
types of tumor cells has a negative effect on endogenous TAA presentation by MHC class II
molecules. With this as a background, we next addressed the hypothesis that the presence
of CLIP on human leukemic cells is indicative for impaired processing and presentation of
endogenous LAAs in AML. Different ways of intervention in both exogenous and endogenous
antigen presentation pathways of CLIP- and CLIP+ myeloid leukemia cell lines were carried
out to compare the influence on total and cell surface HLA-DR levels (chapter 7). Here, we
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silenced Ii and two key players of endogenous antigen processing, the proteasome and TAP.
Remarkably, CLIP expression was also found on leukemic cells of exclusively APL patients, which
classically lack HLA-DR surface expression. As a result, in chapter 8, CLIP analysis was studied
for its additional value in flow cytometric detection of genetic subgroups of HLA-DR- AML,
including APL and other HLA-DR- AML. Besides standard used immunophenotypic markers,
we assessed the specificity and sensitivity of CLIP and its usefulness to circumvent discrepant
recognition of these AML subtypes. Finally, to unravel the observed HLA-DR-, but also HLA
class II-independent mechanism of CLIP presentation, we further investigated the binding
capacity of CLIP and Ii to HLA class I molecules in leukemia cell lines and primary leukemic cells
in chapter 9.
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Therapeutic vaccination with dendritic cells (DCs) is recognized as an important experimental
therapy for the treatment of minimal residual disease in acute myeloid leukemia. Many sources
of leukemia-associated antigens and different methods for antigen loading of DCs have been
used in an attempt to optimize anti-tumor responses. For instance, monocyte-derived DCs
(moDCs) have been loaded with apoptotic whole-cell suspensions, necrotic cell lysates,
tumor-associated peptides, eluted peptides and cellular DNA or RNA. Furthermore, moDCs
can be chemically or electrically fused with leukemic blasts and DCs have been cultured out of
leukemic blasts. However, it remains a challenge in cancer immunotherapy to identify which
of these methods is the most optimal for antigen loading and activation of DCs. This review
discusses recent advances in DC research and the application of this knowledge towards new
strategies for antigen loading of DCs in the treatment of minimal residual disease in acute
myeloid leukemia.
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Acute myeloid leukemia (AML) is characterized by proliferation of clonal neoplastic myeloid
hematopoietic precursor cells and impaired hematopoiesis. Approximately 30% of AML
cases can be classified as AML with myelodysplasia-related changes, often preceded by a
myelodysplastic syndrome (MDS). Chemotherapeutic induction regimens achieve complete
remission (CR) in 70-80% of adult AML patients younger than 60 years; when older than 60
years, CR is achieved in only 50-60% of patients.1 Despite intensive consolidation chemotherapy,
relapses occur in approximately 50-60% of patients and are probably caused by the presence
of minimal residual disease (MRD). In the last decade, new treatment modalities have revealed
the important role of the immune system in the prevention and control of leukemia, such as
the graft-versus-leukemia effect induced by allogeneic stem cell transplantation (SCT) and
the reinduction of CR after allogeneic SCT and donor lymphocyte infusion (DLI) for patients
with relapsed (chronic myeloid) leukemia. These effects are considered to be mediated by
anti-tumor T cells. The induction, regulation and maintenance of such responses in AML are
thought to be coordinated by dendritic cells (DCs).
In 1995, the first cancer patients were vaccinated with DCs and since then DC vaccines
have been administered to patients with a variety of solid tumors, most frequently melanoma
followed by prostate cancer and renal cell carcinoma, as well as to multiple myeloma and
leukemia patients. 2;3 So far, more than 180 trials have been conducted;4 an overview of DCbased clinical studies can be found at http://www.mmri.mater.org.au. In the majority of these
trials, immune responses against tumor-associated antigens (TAAs) were found. However, the
same data emphasized the need for improving DC vaccination strategies, as clinical responses
were achieved in only a minority of patients. 5;6 These poor clinical results could be partly
explained by the use of immature DCs and the late disease stage in which patients were treated.
Overall, it was concluded that therapeutic cancer vaccines are feasible, easy to administer in
an outpatient setting and do not cause many side effects. The number of randomized trials
remains limited and evaluation of the efficacy of DC vaccination regimens is difficult.6;7 To
our knowledge, only one placebo-controlled vaccination trial in prostate cancer patients has
been performed with DC-like cells; encouragingly, results suggested a survival advantage for
the vaccinated group.8 Questions remain about which DC precursor should be used for DC
preparation, how immature DCs should be activated and which source of TAAs should be
used. Moreover, there is no consensus yet on the timing and route of vaccine administration
or methods of immune monitoring. To date, most research has focused on solid tumors. This
review discusses recent advances in DC research and the application of this knowledge towards
new strategies for leukemia-associated antigen (LAA) loading of DCs in the treatment of AML.

Principles of immunotherapy
Immune surveillance
Both unlimited growth and a differentiation block are needed for a cell to evolve into a
malignant clone able to cause all the clinical symptoms of solid or leukemic tumors. A model
has been proposed for solid tumors by which the immune system plays an important role in
the elimination of tumor cells, termed immune surveillance.9 The immune surveillance model
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describes the role of the immune system in the evolution of solid malignancies in three different
phases. Hypothetically, the same model can be applied to AML and is summarized in Figure 1.
The first phase encompasses a state in which the immune system recognizes and eliminates
(pre)leukemic cells and the immune response is not yet inhibited by immune suppressive effects
of (pre-) leukemic cells and/or their microenvironment (the elimination phase). This phase is
followed by an equilibrium phase in which there is still a low tumor burden, and immune cells
are able to remove part of the malignant cells and prevent full-blown leukemia (equilibrium
phase). In this phase, the mutation of malignant cells into escape variants is promoted. In AML,
the MDS prophase might be considered as the equilibrium state in some cases. In approximately
30% of the MDS cases, leukemia will develop, which might be at least in part be due to escape
of immune surveillance.10 In addition, the immune system might control MRD cells in patients in
first CR; in 50% of patients who reach CR, relapse of AML occurs, even years after the last cycle
of chemotherapy. The equilibrium phase is followed by the escape phase: malignant variants
are no longer recognized by the immune system. This will result in uncontrolled expansion of
leukemic blasts and development of manifest disease.9;11
The role of DCs in immune surveillance
DCs are professional antigen-presenting cells orchestrating the immune response. Immature
DCs sense antigens with their pattern recognition receptors (PRRs). Antigenic peptides
are thought to be chaperoned by peptide-binding heat shock proteins (HSPs) such as
glycoprotein 96 (gp96), HSP90, HSP70 and calreticulin. These chaperone-peptide complexes

Figure 1. The three phases of immune surveillance included in a model for AML immunopathogenesis.
The first phase, the elimination state, shows an immune system capable of eliminating (pre)malignant AML
blasts by NK and T cells activated by DCs (1). The equilibrium phase follows, wherein immune cells remove
part of the AML blasts, but some of these malignant cells have the capability to escape from immune
recognition, either with or without the help of, for instance, Tregs (2). This results in uncontrolled growth
of AML blasts, contributing to an immunosuppressive environment with an impaired number and function
of anti-leukemic effector cells (3). AML, acute myeloid leukemia; DC, dendritic cell; MDSC, myeloidderived suppressor cell; NK, natural killer cell; Treg, regulatory T cell; WBC, white blood cell.
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Immune escape
Various immunosuppressive effects, directly or indirectly induced by leukemic blasts, are
known. Leukemic blasts can escape T cell-mediated cytoxicity directly by upregulating T cell
inhibitory molecules, such as programmed death receptor ligand 1.19 Furthermore, antigen
presentation by MHC class II, and thereby T helper cell activation, is reduced when class IIassociated invariant chain peptide is not replaced by an immunogenic peptide. 20 Without T
cell help, cytoxic T lymphocyte (CTL) responses cannot be maintained and tolerance will be
induced. In addition, in AML, indoleamine-2,3-dioxygenase expression is associated with poor
clinical outcome, possibly by skewing the immune response towards a tolerogenic state. 21;22
Furthermore, increased frequency of and suppression by regulatory T cells (Tregs) is observed
in patients with AML. 23 Factors such as vascular endothelial growth factor (VEGF), IL-6, GM-CSF,
IL-10 and TGF-b are associated with inhibition of DC function and maturation and induction of
suppressive cells. 21
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bind phagocytic PRR (pPRR), resulting in internalization and cross-priming.12 As tumor cells
constitute an exogenous source of antigens for DCs, TAAs need to be processed and presented
by MHC class I via a process termed cross-presentation.13 Instructive PRR (iPRR) are involved in
providing DCs with signals that regulate their capacity to elicit T cell responses, for instance
Toll-like receptors (TLRs).14;15 Activation of TLRs results in enhanced antigen presentation,
production of inflammatory cytokines, upregulation of costimulatory molecules and overall
activation of adaptive immune responses.16;17 When a T cell receptor (TCR) recognizes the TAAderived epitopes presented by the DC, naive T cells become activated and a TAA-specific T
cell clone will expand. In AML, relatively few LAAs have been identified: WT1 (Wilms’ tumorgene product), PRAME (preferentially expressed antigen of melanoma), RHAMM (receptor
for hyaluronic acid mediated motility), PR1 (a proteinase 3 derived peptide), hTERT (human
telomerase reverse transcription antigen) and survivin.11;18

Immunotherapy
All the escape pathways discussed here are potential targets for immunotherapy. For instance,
passive immunotherapy with adoptive transfer of specific T cells can restore rates of functional
CTLs. 24 Unfortunately, no memory response will be elicited and therefore, after the lifespan of
the CTL, the effect will disappear allowing dormant MRD cells to grow out. By contrast, active
immunotherapy, for instance with DC vaccination, induces CTL and memory responses in vivo.
In myeloid leukemia, various sources of DCs can be thought of: leukemia-derived-DCs, AMLderived cell lines with DC differentiation capacity, CD34+ normal precursor cell-derived DCs
or monocyte-derived DCs (moDCs). Most in vitro-generated immature DCs can be primed
and matured with cytokines and/or with TAAs in different ways. 25 There are numerous ways
to interfere with and to modulate the escape pathways of blasts that all may help to enhance
the efficacy of DC vaccine regimens 26. A selection is discussed in this paper focussing on the
current state-of-the-art.
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Leukemic blasts, being malignantly transformed precursor cells, often have the ability to
differentiate into DC-like cells. These AML-derived DCs could provide a distinct opportunity to
generate antigen-presenting cells that harbor the full range of identified and unidentified LAAs
(Figure 2D). AML-derived DCs have the capacity to induce leukemia-specific T cell responses
in vitro as well as in vivo, thus offering an immunotherapeutic modality for AML patients with
MRD. 27;28 Unfortunately, leukemic DCs might still harbor features of the leukemic blast, such
as reduced expression of MHC molecules and molecules related to adhesion and induction of
the costimulatory pathway as well as inhibitory features such as indoleamine-2,3-dioxygenase
expression. 22 Furthermore, vaccination with AML-DCs is limited to 60-70% of cases where
AML blasts can be cultured into leukemic DCs. 28;29 Therefore, a more reliable and continuous
source for differentiation into DCs may be an AML-derived cell line, such as MUTZ-3. This cell
line behaves as the immortalized equivalent of CD34+ DC malignant precursor cells. Upon
stimulation with cytokine cocktails, MUTZ-3 progenitors acquire a phenotype consistent with

Figure 2. Strategies of LAA-specific DC preparation for clinical purposes in AML. (A) Mature DCs can be
loaded with peptides eluted from leukemic blasts or with synthetic peptides. (B) Strategies for immature
DCs are loading with synthetic long peptides, leukemic blast-derived lysates or apoptotic cells. Induction
of apoptosis leads to the formation of blebs or ACBs, which may be separately loaded. Upon phagocytosis
of tumor-derived material, antigens are cleaved by the proteasome (1), cross-presented on MHC class
I molecules (2), and, after triggering of maturation, presented for activation of LAA-specific T cells (3).
(C) It is also possible to electroporate tumor-derived DNA or RNA into mature DCs. After transcription
and translation (4), LAAs are processed via the proteasome and loaded onto MHC class I molecules. (D)
Using specific cytokine cocktails, both AML blasts and the AML cell line MUTZ-3 can be differentiated
into AML-DCs, leading to endogenous LAA presentation to T cells. (E) Mature DCs can also be fused with
AML blasts or MUTZ-3 cells to form hybrids. ACB, apoptotic cell body; CLIP, class II-associated invariant
chain peptide; DC, dendritic cell; ER, endoplasmic reticulum; LAA, leukemia-associated antigen; moDC,
monocyte-derived DC; TAP, transporter associated with antigen processing.
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DCs for immunotherapy: monocyte-derived DCs
Source of moDCs
Immature moDCs can be cultured with GM-CSF and IL-4 from monocytes of AML patients
at the time of CR after induction therapy or from monocytes of matched healthy donors.
Subsequently, maturation can be induced by various stimuli, such as cytokine cocktails (IL-1b,
TNF-a, IL-6, and PGE2 being the most widely used clinically) or TLR ligands (TLR-L), such as
lipopolysaccharide (LPS).7 During active disease and shortly after CR, the yields of functional
moDCs are low, probably owing to the suppressive effects of leukemic blasts and intensive
chemotherapy. Approximately 3 weeks after the last cycle of chemotherapy, negative effects
wane, suggesting that moDCs can best be obtained at a later timepoint after first CR.39;40
For patients with an HLA-matched sibling, vaccination with moDCs derived from the donor
might be an option, thereby circumventing leukemia- and treatment-related problems in the
culture of patient-derived moDCs. Although the use of matched allogeneic moDCs is limited
to those patients who have an eligible donor, emerging donor-banks for matched unrelated
donors might overcome this problem. Furthermore, the use of nonmatched allogeneic DCs
has been explored. An estimated 1-10% of the circulating T cell repertoire is directed against
allogeneic antigens; allogeneic DCs are expected to trigger a broad T cell response, thereby
activating tumor-reactive T cells through crossreactivity. On the other hand, high frequencies
of alloreactive T cells could overwhelm the proliferation of rare LAA-specific precursors.41
Overall, clinical trials using allogeneic nonmatched moDCs loaded with autologous lysates or
apoptotic cells in solid malignancies were feasible and, in general, well tolerated.41-44
Whereas leukemic DCs harbor a full range of endogenous LAAs, moDCs need to be pulsed
with exogenous LAAs. Various sources of LAAs have been used in an attempt to optimize
anti-tumor responses. These include known LAA-derived peptides, apoptotic whole-cell
suspensions, necrotic cell lysates, eluted peptides, cellular DNA or RNA, as well as chemical or
electrical fusion of whole tumor cells with DCs, and will be discussed in the following paragraphs
(summarized in Figure 2). 2;45
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either interstitial DCs or Langerhans cells, superior to other AML cell lines such as THP-1, KG-1
and HL60.30-32 As MUTZ-3 has an HLA-A2+/HLA-A3+ phenotype, it can be used as a vaccine in
patients with matching alleles (i.e., 70% of the Caucasian population). However, similar to
leukemic DCs, MUTZ-3 DCs might exhibit features that potentially influence the efficacy of
MUTZ-3 DC vaccines.33 Therefore, other sources of DCs, for instance moDCs cultured at the
time of CR, loaded with tumor-specific peptides or tumor material of the patient may serve
as an alternative. A few papers have compared moDCs with AML-DCs and propose moDCs as
a valid alternative for clinical application, especially for those patients where no leukemic DCs
can be obtained.34-38

Peptides derived from LAAs
As mentioned previously, WT1, PRAME, RHAMM, PR1, hTERT and survivin may all be considered
as relevant peptide sources for DC loading. Unfortunately, some of these LAAs are also
expressed in normal hematopoietic progenitor cells and their overexpression is common but
not uniform in leukemia.46 Other obstacles to the use of MHC-I binding peptides for DC loading
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are low affinity of peptide binding to MHC class I molecules, the short time that peptides
reside on the surface of DCs and a lack of T helper cell activation.47 Moreover, targeting a single
antigen may result in immunologic pressure against the parent protein resulting in selection
of antigen-loss leukemia variants.48 Promotion of antigen-loss variants might be prevented by
combining epitopes from different LAAs. Unfortunately, HLA restriction of peptides limits the
application to patients with certain HLA profiles. Many of these problems might be overcome
by the use of longer peptides where the DCs need to process the long peptide into smaller
parts before presentation onto MHC class I and II molecules.49 In addition, electroporation of
RNA encoding for LAA epitopes might be preferable over the use of LAA peptides.50
Eluted peptides
Naturally processed and presented peptides can be eluted from the surface of AML blasts.
These peptides comprise all known and unknown presented LAAs and, therefore, are
hypothetically advantageous over known LAAs, where only a few, mostly HLA-A2 associated
epitopes can be used. Eluted peptides from primary blasts are unique for each patient and not
hampered by HLA-restriction. In contrast to known LAAs, eluted peptides can bind both HLA
class I and II molecules and thereby activate CD8+ CTLs and CD4+ T cells, respectively. Further
research is needed concerning the low affinity of peptides binding to MHC molecules and
the short time that peptides reside on the surface of DCs.47 Elution of peptides from leukemic
blasts can be done by using either citrate-phosphate or trifluoroacetic acid buffer; for AML the
trifluoroacetic elution method to extract immunogenic LAA-derived peptides was found to be
favorable.51;52 Application of this method might even be more efficacious when combined with
depletion of Tregs.53 A direct comparison of eluted peptides and other LAA sources for loading
strategies has not yet been made.
Apoptotic cells and blebs
Apoptosis (i.e., physiological programmed cell death) is associated with diverse cellular
changes to ensure that cells are cleared by the immune system. These changes include changes
in the distribution of membrane lipids, membrane blebbing, condensation of both cytoplasm
and chromatin, and fragmentation of the nucleus and cellular constituents into membraneenclosed apoptotic bodies. Changes of molecules in the membrane make cells palatable
for phagocytes. For example, translocation of soluble molecules such as phosphatidylserine
and calreticulin to the plasma membrane or adsorption of soluble proteins such as C1q and
thrombospondin from outside the cell are known to enhance uptake of apoptotic cells by DCs
and to cause their activation. 54-56 One of the first studies showed that CD34+-derived DCs loaded
with irradiated blasts were able to prime CD8+ T cells into anti-leukemic CTLs.57 Furthermore,
apoptotic cell-loaded moDCs have been shown to generate anti-leukemic T helper cells.58
For loading of DCs with apoptotic cells, induction of apoptosis should be as immunogenic as
possible. For instance, upregulation of calreticulin by irradiation with UV light or by treatment
with chemotherapeutic drugs is associated with immunogenic apoptosis of colon carcinoma
cells.54 In myeloma, the proteosome inhibitor bortezomib induces upregulation of HSP90 and
thereby enhances DC-mediated induction of immunity. 59 Furthermore, activation of cells before
apoptosis induction, for instance with phytohemagglutinin, might trigger DC responses.60
The importance of identification of immunogenic forms of cell death is further emphasized
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Whole-cell lysate or necrotic material
It has long been assumed that apoptotic cell death is poorly immunogenic or even tolerogenic,
whereas necrotic cell death is considered immunogenic.62;69-71 However, the association of
necrosis with local immune suppression in solid tumors has been shown as well. 72 Freeze/thaw
cycles, used to generate whole-cell lysates, represent a form of brisk tumor cell death, most
closely related to necrosis. These lysates harbor both known and unknown LAAs. This advantage
is also a limitation, as lysates contain many nonmalignant peptides that might increase the
risk of autoimmunity.73 Moreover, cell lysates may also contain intracellular proteases with
inhibitory activity and immunosuppressive cytokines, such as TGF-b, that might impair the
immune response.74;75 In order to combine the positive effect of upregulation of apoptosisrelated molecules with the immunogenicity of lysates, a combination of heating before
induction of necrosis by freeze-thaw cycles has been found favorable in a colon cancer model. 76
On the other hand, in in vitro assays, lysate-loaded DCs have been effective in priming CTLs,
even more so than leukemic DCs.34 Furthermore, CTLs primed in vitro with lysate-loaded DCs
showed cytotoxic activity against leukemic targets. 77;78 Lysate-loaded DC vaccines administered
to two AML patients were well-tolerated without apparent side effects. In both patients, an
increase in autologous T cell stimulatory capacity of DCs and immunological responses by
positive delayed-type hypersensitivity (DTH) skin reactivity could be demonstrated. 79
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by the observation that apoptotic cell bodies can inhibit NF-kB signalling and thereby induce
tolerogenic DCs.61 This is in agreement with data showing that apoptotic cells cannot induce
maturation of DCs to the same level as lysates.62;63 Cell death associated with upregulation of,
for instance, TLR-L, might change a potentially tolerogenic source to an immunogenic source
of antigens for DC loading.56;64 Artificial introduction of TLR-L into leukemic blasts might be
another way to make otherwise tolerogenic blasts more immunogenic prior to DC loading.65
It is believed that in the process of dying, apoptotic cells shed immunogenic particles in the
form of so-called blebs. After blebbing, a remnant remains left, which is termed the apoptotic
cell body (ACB). It was shown that these small blebs are taken up more efficiently by DCs than
(whole-cell) apoptotic bodies.66;67 Blebs are vesicles with a size of 1-3mm, and can thereby
be differentiated from other smaller extracellular microvesicles such as exosomes (size 40100nm). This is of importance in tumor immunology as exosomes derived from tumor cells are
thought to exert immunosuppressive effects.68 Owing to their size and weight, blebs can easily
be separated from ACBs and exosomes by centrifugation, and thereby constitute a source of
TAAs easily applicable for loading strategies of DCs. Furthermore, in mouse studies, blebs were
shown to skew the immune response to a Th1-type.66

Whole-cell RNA/DNA
Whole-cell RNA or cDNA encode for all cellular peptides and, hence, cover all known and
unknown LAAs and can be easily extracted or generated from whole-cell lysates and transfected
into moDCs.80-82 Furthermore, amplification of RNA enables the use of small populations,
such as the stem cell compartment, presumably containing the leukemia-initiating cell.
Mature DCs can be efficiently transfected through square wave electroporation with RNA.
Peptides encoded by the transfected RNA are produced intracellularly and, therefore, directly
processed and loaded onto MHC class I molecules, bypassing the need for cross-presentation.
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On the other hand, CD4+ T cells are of crucial importance to induce effective and long-lasting
immune responses.83 This problem may be overcome by introducing both intracellular and
extracellular antigens. Loading of moDCs with RNA and lysates from AML blasts was shown to
be supplementary, leading to an enhancement of antigen loading onto both MHC class I and II
molecules.84 Other strategies with, for instance, LAMP-1 gene fusion for routing peptides to the
lysosomes and MHC class II presentation pathways have been explored for solid malignancies
and might also be an option for AML.85
Hybrids
Autologous AML blasts can be fused with mature moDCs, thereby generating hybrids that
express LAAs derived from the blast fusion partner as well as costimulatory and adhesion
molecules from the moDC. Although specific features of AML blasts such as low expression of
costimulatory or adhesion molecules might hamper the antigen-presenting and immunologic
capacity of the DC. Banat et al. showed that DC hybridisation with AML blasts containing the
chromosomal aberration inversion 16 [inv(16)] generated memory T cells able to react to
AML blasts upon restimulation.86 This was not found for other aberrations and implies that
different forms of AML could affect the outcome of this approach. When using nonmatched
allogeneic moDCs, fusion cells are generated expressing MHC molecules from leukemic blasts
of the patient and costimulatory molecules from moDCs of the donor. These hybrids are able
to induce antileukemic CTLs in vitro.37 Therefore, allogeneic moDCs37;87 or MUTZ-3-DC fusions
with AML blasts from patients might be an attractive option. AML is thought to originate from a
malignant stem cell, which might be less sensitive for chemotherapeutics. These AML-initiating
cells with a CD34+CD38- phenotype might be the cause of relapse. Ideally, these malignant
stem cells should be targeted in immunotherapeutic protocols. By selecting CD34+CD38- AML
stem cells for the preparation of DC fusion cells, induced CTLs may potentially eradicate AML
by directly or indirectly targeting the leukemia-initiating cells. 88 However, this approach is
restricted by low numbers of stem cells and persistent controversy about the definition of
malignant and normal hematopoietic stem cells.
Comparison of loading strategies
Weigel et al. compared AML-derived lysate-loaded moDCs with hybrids in mice but could not
classify one as favorable over the other.89 Still, one in vitro study showed better CTL responses
with DC-AML hybrids as compared to apoptotic cell-loaded DCs or lysate-loaded DCs.90 In
vitro antileukemic T cell responses could be found after coculture of autologous remission
lymphocytes with irradiated AML blast-loaded DCs and fusion hybrids of AML blasts with
DCs. Interestingly, responses were observed against moDCs loaded with irradiated blasts in
two out of six patients and against hybrids in three other patients out of the same six patients
tested.87 These results suggest that various AML patients require different vaccine preparations
in order to achieve improved outcome and might explain the different data from small studies,
as summarized in Table 1. Furthermore, different DC preparation protocols were used, which
complicated comparisons. Translation of results from DC loading with other tumors to AML is
difficult owing to the use of different protocols in preparing moDCs, the low number of patients
tested, and varying findings.91;92 Therefore, no definite conclusion can be drawn so far about
which source of LAAs and loading methods are preferred.
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Table 1. Summary of in vitro studies comparing different AML-based DC loading strategies.
DC loading strategy

Results

Ref.

Lee et al.
(2008)

Leukemic blast-derived DCs
Lysate-loaded moDCs

Lysate-loaded moDCs favorable (n=3)

[34]

Lee et al.
(2006)

Lysate-loaded moDCs
Apoptotic cell-loaded moDCs

Comparable results (n=2)

[78]

Decker et al.
(2006)

Lysate-loaded moDCs
RNA-electroporated moDCs
Lysate/RNA double-loaded moDCs

Double loading favorable in 51Cr-release
[84]
assay (n=4)

Klammer et al.
(2005)

Hybrids of AML blasts and moDCs
Apoptotic cell-loaded moDCs

Hybrids favorable in 3/6 patients
Apoptotic cell-loaded moDCs favorable [87]
in 2/6 patients

Jarnjak-Jankovic et al.
(2005)

RNA-electroporated moDCs
Apoptotic cell-loaded moDCs

Comparable results (n=1)

[81]

Gong et al.
(2004)

Hybrids of AML blasts and moDCs
Leukemic blast-derived DCs

Hybrids favorable in 9/10 patients

[37]

Lee et al.
(2004)

Lysate-loaded moDCs
Leukemic blast-derived DCs

Lysate-loaded moDCs higher CTL
stimulation (n=3)

[35]

Galea-Lauri et al.
(2002)

Hybrids of AML blasts and moDCs
Apoptotic cell-loaded moDCs
Lysate-loaded moDCs

Hybrids favorable in 51Cr-release assay
(n=1)

[90]

Spisek et al.
(2002)

Apoptotic cell-loaded moDCs
Leukemic blast-derived DCs

Comparable results in 51Cr-release assay
[38]
(n=2)
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Authors

AML, acute myeloid leukemia; moDC, monocyte-derived dendritic cell.

Vaccine adjuvants
The term adjuvant describes all compounds with intrinsic immunostimulatory and/or
immunomodulatory properties. Adjuvants are used to manipulate or modulate different
steps of the immune response. For instance, binding of pPRRs enhances uptake of antigens
and ligation of iPRRs enhances processing and triggering of specific peptide presentation by
MHC molecules combined with maturation of immunogenic DCs. Different adjuvants may
enhance the induction of different costimulatory signals in order to improve T cell responses
or may inhibit negative costimulatory signals. The challenge is to define an optimal and safe
combination of these different adjuvants that will result in an effective anti-tumor immune
response when combined with moDC vaccination.93
Using adjuvants in vitro to improve DC loading protocols
Uptake of immunogenic material by DCs can be mediated by various receptors. The most wellknown receptor family in this regard is the Fc receptor family. Coating of apoptotic or necrotic
tumor cells with an Fc domain-containing antibody has been explored. Phagocytosis via Fc
receptors is known to facilitate efficient cross-priming of exogenous antigens via MHC class I
molecules. Tumor cells coated with an IgG antibody are internalized via Fcg receptors on DCs. In
a murine B cell lymphoma model this resulted in improved tumor protection.94;95 Other groups
of receptors related to phagocytosis are the scavenger receptors and TLRs.16 Upregulation of,
for instance, the TLR-L calreticulin can be induced by irradiation with UV light or treatment
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with antracyclins.54;55 Furthermore, various ways of inducing apoptosis or necrosis, such as heat
shock, are associated with enhanced HSP expression. HSP-peptide complexes are more easily
taken up via scavenger receptors and TLRs and induce cross-priming and skew the immune
response towards a Th1 response.96;97 Various other TLR-L have been used for in vitro vaccine
preparation and administered as adjuvant together with the vaccine. Of note, careful dosing of
these TLR agonists in vivo is important, as high concentrations can be immunosuppressive.98;99
Roughly, TLR-L can be divided into two groups: those that bind to extracellular receptors (TLR1,
2, 4, 5, and 11), and those that bind to intracellular receptors (TLR3, 7, 8 and 9). Since binding
of TLR1, 2 and 6 mostly results in a Th2 response and TLR7 and 9 are not expressed on human
moDCs, most research focused on other TLR-L. The most well known TLR-L is the TLR4-agonist
LPS, which is frequently used for maturation of DCs in vitro. Since LPS itself is not clinically
applicable, substrates from LPS have to be used, such as monophosphoryl lipid A.100 In addition,
components of the frequently applied adjuvant Bacillus Calmette Guérin (BCG) act as TLR2/4
agonists stimulating cross-priming of antigens. Intracellular binding of TLR3 and TLR8 (by their
natural virus-derived ligands single- and double stranded RNA respectively) acts as a danger
signal and results in enhanced cross-priming of exogenous antigens.101 R848 (a TLR7/8 agonist)
and imiquimod (a TLR7 agonist) have been shown to increase IFNa production in plasmacytoid
DCs and even induce perforin and granzyme B expression in myeloid DCs.102 The latter indicates
the induction of direct cytotoxic immune responses and tumor destruction by myeloid DCs.
Next to activation of DCs, TLR-L can facilitate the effector arm of the immune response: TLR9
ligand cytosine-phophate-guanosine (CpG), which contains motifs from bacterial DNA, is able
to skew the host immune response towards a Th1 response.103 Nevertheless, CpG should be used
with caution in future clinical trials as CpG has also been shown to recruit Tregs in mice.104 Smits
at al. demonstrated that electroporation of the TLR3 ligand poly-IC into AML blasts resulted
in upregulated expression of MHC and costimulatory molecules, and increased production
of interferons. Also, upon phagocytosis of electroporated blasts by moDCs and subsequent
co-incubation with T cells, their production of pro-inflammatory cytokines and Th1-polarizing
capacity was enhanced.65

In vivo comparison of loading strategies in AML
In AML only a few clinical Phase I vaccination trials with AML-DCs have been performed and
even less clinical trials using moDCs loaded with whole-cell derived LAAs. The available data
are summarized below.
Clinical studies on leukemic DC-based vaccination
The first AML-DC vaccine Phase I trial in five patients was published in 2006 and showed
promising results. T cells specifically recognizing a PRAME-derived peptide were detected upon
vaccination.105 Another Phase I/II study with AML-DCs was performed by Roddie et al. (2006). 28
Five patients, four de novo and one relapse, achieved CR and were vaccinated with autologous
leukemic blasts that had undergone DC differentiation ex vivo. Increased antileukemic T cell
responses in four patients were observed. MRD was monitored by real-time PCR for WT1 gene
expression. Two patients relapsed shortly after the first vaccination; the remaining patients
had relatively constant WT1 expression levels following vaccination. Two patients remained
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in remission for more than 12 months post-vaccination. 28 The clinical applicability of these
vaccines is limited by many factors: insufficient numbers of leukemic blasts to culture AMLDCs; failure of leukemic blasts to undergo DC differentiation; and failure of patients to achieve
CR due to progressive disease or death before vaccination. Overall, it can be concluded that
leukemia-derived DC-based vaccination is only feasible in a subgroup of patients. 29;106
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Clinical studies on moDC-based vaccination
Clinical experiences with immunotherapy mostly focus on vaccination with synthetic peptides.
For instance, vaccination with a RHAMM peptide resulted in clinical and immunological
responses in MDS, AML and multiple myeloma patients and comparable results were found
with WT1 and PR1 peptide vaccines.107-110 Beside vaccination with AML-DCs, there is little clinical
experience with other DC vaccination strategies in the treatment of AML. In 2007, the first
AML patient (who relapsed after allogeneic SCT) was vaccinated with WT1 and keyhole limpet
hemocyanin (KLH) peptide-loaded moDCs derived from a healthy donor. Vaccination induced
immune responses to KLH, whereas immune responses to WT1 could not be detected and
leukemia gradually progressed.111 Another Phase I study using moDCs electroporated with RNA
encoding for the WT1 antigen showed that this approach is safe in a clinical setting. 50
Even fewer studies have been performed using DCs loaded with whole-blast cell derived
LAAs. Two AML patients with a relapse after autologous peripheral blood SCT (PBSCT)
underwent four infusions of DCs loaded with blast lysates at a 2- to 3-week interval. Mixed
leukocyte reaction and DTH tests with leukemic lysates showed no response before vaccination
but did so afterwards, although no hematological responses were observed. 79 More DC-based
clinical vaccination trials in AML have been started and are expected to be published in the
near future. These include, amongst others, loading of moDCs with whole-cell RNA and mRNA
encoding for WT1 or hTERT, and fusion of moDCs with leukemic cells; these trials can be found
at http://www.clinicaltrials.gov and http://clinicaltrialsfeeds.org.
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Timing of vaccination in relation to standard AML therapy
DC vaccination is thought to be more effective when the immune system is intact and not
affected by cancer.7;112 Although frequencies are low in healthy donors, LAA-specific T cells
can easily be expanded upon stimulation with antigen-loaded autologous moDCs. In CML, it
has been demonstrated that significantly higher percentages of BCR/ABL-specific CTLs can
be detected in patients by tetramer (Tm) screening, but these Tm-specific CTLs could not
be expanded.113 Chemotherapy and SCT are likely to influence the effect of immunotherapy
by affecting the composition and function of T cell compartments. In vitro priming studies
with AML-DCs at various time points during remission resulted in different immune responses.
During early remission, antileukemic immune responses seem to be largely MHC-restricted,
but shift towards non-MHC restricted responses later in CR.114 Furthermore, leukemic blasts
induce T cell inhibition by production of suppressive cytokines and activation of suppressive
cells such as myeloid-derived suppressor cells (MDSC) and Tregs. When considering these
inhibitory effects of both leukemic blasts and chemotherapy, DC vaccines should ideally be
administered during CR. With sensitive detection methods, for instance by flow cytometry
or with molecular tools, MRD cells can be followed and a relapse can be detected in an early
phase.115;116 Therefore, the time frame in which it is possible to administer such vaccines can
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be accurately determined by intensive follow-up for MRD. After SCT, it takes approximately 6
months before CTLs are fully reconstituted; for CD4+ T cells this can take more than a year. As
a consequence, the immune system is not fully capable of controlling MRD or responding to
a DC vaccine. DLI is used clinically for controlling MRD and preventing relapse of AML.115 DLI
might be of interest to combine with DC vaccination protocols. Furthermore, in vivo depletion
of CD25+ Tregs has been shown to increase the efficacy of an eluted peptide-loaded DC vaccine
in an AML mouse model.53 In order to administer the vaccine early after treatment, other
options such as reducing the immunosuppressive effects of chemotherapy should be explored.
Many types of chemotherapeutic immunomodulatory drugs have been described, such as
antracyclins, to stimulate anti-cancer immune responses. 54 Other novel immunomodulatory
drugs are currently of interest, such as lenalidomide, histone deacetylase inhibitors (HDACi)
and 5-azacitidine. 5-Azacitidine is known to enable proliferation and differentiation of cells,
which might allow normal hematopoietic progenitor cells to grow and differentiate. HDACi
have been shown to boost MHC class I and II expression on tumor cell lines and enhance
differentiation of AML blasts into DCs. Furthermore, lenalidomide has been demonstrated to
enhance in vitro expansion of Th1 cells.117-120 The immunomodulatory effects of these drugs may
thus increase the window in which a vaccine can be administered.
The choice of vaccination site
Next to timing, the site of vaccination is a matter of debate. Intradermal, subcutaneous,
intravenous and intranodal vaccination differentially affects the primary immune response and
distribution of memory cells, and thereby the ability to control the outgrowth of tumors.121 When
a vaccine is administered intradermally or subcutaneously, this may improve T cell responses
as compared to intravenous administration.122;123 Intradermal or subcutaneous vaccination
requires the DC to migrate to the lymph node. In this respect, addition of PGE2 in DC preparation
protocols is necessary.124;125 However, PGE2 diminishes IL-12 secretion and adversely affects the
CTL stimulatory ability of DCs.126;127 In addition, it was recently demonstrated that PGE2-matured
DCs can recruit Tregs.128 The addition of TLR-L could be a tool to (partially) overcome these
inhibitory effects. Therefore, vaccine preparation protocols might determine the preferred
vaccination site.129 Intranodal administration may circumvent this problem but needs technical
expertise and includes the risk of damaging the architecture of the lymph node.130 Available
evidence points to the dermis as a preferred site of vaccine administration.131

Conclusion and future perspectives
DC vaccination in AML patients holds promise as a treatment modality. LAA-loaded moDCbased vaccines can be produced on a large scale, are easy to administer in an outpatient setting
and are generally well-tolerated. The use of leukemia-derived DCs is feasible in approximately
60% of patients. As an alternative, moDCs could be loaded with apoptotic whole-cell
suspensions, necrotic cell lysates, tumor-associated peptides, eluted peptides and cellular DNA
or RNA, but none of these loading strategies has yet been definitively proven as favorable over
another. Furthermore, moDCs can be chemically or electrically fused with leukemic blasts, and
it is possible to culture DCs out of leukemic blasts. In vitro research on moDC vaccines in AML
is limited by the low number of patients tested, differences in vaccine preparation protocols
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Therapeutic vaccination with dendritic cells (DCs) is an emerging investigational therapy for
eradication of minimal residual disease in acute myeloid leukemia (AML). Various strategies are
being explored in manufacturing DC vaccines ex vivo, e.g., monocyte-derived DCs (moDCs)
loaded with leukemia-associated antigens (LAAs). However, the optimal source of LAAs and
the choice of DC-activating stimuli are still not well defined. Here, loading with leukemic cell
preparations (harboring both unknown and known LAAs) was explored in combination with
a DC maturation-inducing cytokine cocktail (CC; IL-1b, IL-6, TNF-a and PGE2) and Toll-like
receptor ligands (TLR-L) to optimize uptake. Since heat shock-induced apoptotic blasts were
more efficiently taken up than lysates, we focused on the uptake of apoptotic leukemic cells.
Uptake of apoptotic blasts was further enhanced by the TLR-7/8-L R848 (20-30%); in contrast,
CC-induced maturation inhibited uptake. CC, and to a lesser extent R848, enhanced the
ability of moDCs to migrate and stimulate T cells. Furthermore, class II-associated invariant
chain peptide (CLIP) expression was down-modulated after R848- or CC-induced maturation,
indicating enhanced processing and presentation of antigenic peptides. To improve both uptake
and maturation, leukemic cells and moDCs were co-incubated with R848 for 24 h followed by
addition of CC. However, this approach interfered with CC-mediated moDC maturation as
indicated by diminished migratory and T cell stimulatory capacity, and the absence of IL-12
production. Taken together, our data demonstrate that even though R848 improved uptake
of apoptotic leukemic cells, the sequential use of R848 and CC is counter-indicated due to its
adverse effects on moDC maturation.

Introduction

3
Optimization of DC loading with AML-derived antigens

Acute myeloid leukemia (AML) is characterized by the proliferation of clonal neoplastic myeloid
hematopoietic precursor cells and impaired normal hematopoiesis. Although 70-80% of
patients (<60 years) achieve complete remission after intensive chemotherapy, AML frequently
relapses due to the persistence of minimal residual disease (MRD).1 Escape of leukemic cells
from immune surveillance has been associated with poor clinical outcome. For instance, a
high occupancy of HLA-DR molecules with the class II-associated invariant chain peptide
(CLIP) instead of an antigenic peptide is correlated with a shortened disease-free and overall
survival. 2;3 In contrast, immune control of leukemia, as shown for instance by the graft-versusleukemia effect induced by allogeneic stem cell transplantation (SCT) or the reinduction of
complete remission after donor lymphocyte infusion following allogeneic SCT, demonstrates
the potential of exploiting the immune system in aid of anti-AML therapy.1
The induction, regulation and maintenance of primary immune responses, including
specific anti-tumor T cell responses are coordinated by dendritic cells (DCs). Vaccination with
DCs has been recognized as a promising investigational therapy due to the uniquely powerful
antigen-presenting capacity of DCs and its potential to evade immunosuppressive features of
leukemia.4 The first steps down the road to DC vaccination in AML have been taken and results
from small clinical trials have been reported. 5 The general lack of clinical responses evoked
important questions concerning the optimal methodologies for DC vaccine preparation as well
as the design of clinical vaccination protocols.
Many strategies are explored in the preparation of DC vaccines ex vivo; among these,
autologous monocyte-derived DCs (moDCs) loaded with leukemia-associated antigens (LAAs)
are promising.6 Various sources of LAAs and different methods of loading LAAs onto DCs have
been explored in an attempt to optimize anti-tumor responses. 7 For AML, several relevant LAAs
have been identified including PRAME, RHAMM, WT1 and PR1. Unfortunately, overexpression of
these LAAs is common but not uniform in leukemia.8 Moreover, HLA restriction of LAA-derived
peptides limits the application of such vaccines to patients with certain HLA profiles. These
restrictions inherent to the use of defined LAAs or LAA-derived peptides may be overcome by
using whole AML cells as a source of LAAs, for instance by generation of AML lysates or apoptotic
leukemic cells. Among other whole AML cell-derived antigen loading strategies that have been
explored is electroporation of DCs with AML derived RNA.9 Also vaccination with modified AML
cells, such as AML-derived DCs or fusions between AML cells and DCs, has been investigated;
further modification of DCs with 4-1BB-L or CD40 might enhance the efficacy of such vaccines.10-13
It has long been assumed that apoptotic cell death is poorly immunogenic or even
tolerogenic, whereas necrotic cell death is considered to be immunogenic. However, stressinduced heat shock protein (HSP)-peptide complexes (commonly induced during apoptosis)
are more efficiently taken up via scavenger receptors and Toll-like receptors (TLRs) on the DC
surface and induce efficient cross-priming and skewing of the immune response towards a
Th1-type profile,14;15 while necrosis has been associated with local immune suppression in solid
tumors.16 Furthermore, apoptosis induction after irradiation with UV light or by treatment with
chemotherapeutic drugs results in upregulation of calreticulin, a scavenger receptor class-A
ligand associated with immunogenic apoptosis as demonstrated for colon carcinoma cells.17;18
For AML it is not yet clear whether cell lysates or apoptotic cells are preferable for antigen
loading onto moDCs.9;19-25 Next to enhancing immunogenicity of tumor antigen sources by, for
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instance, heat shock, addition of DC-maturing stimuli such as TLR-ligands (TLR-L) are explored;
e.g., electroporation of the TLR3-L poly(I:C) into AML cells results in enhanced uptake of
leukemic cells by DCs and improves their subsequent maturation and cytokine production. 26
Furthermore, intracellular binding of TLR8 by its ligand R848 has been reported to result in
enhanced cross-presentation of exogenous antigens by moDCs. 27 Various whole AML cell
preparations loaded onto moDCs in combination with DC maturation-inducing cocktails have
been explored;9;19 however the quantitative effects of TLR-L and cytokines on the uptake of
leukemic cells is still unclear. In this study, we compared the uptake of allogeneic apoptotic
leukemic cells with lysates derived from leukemic cells. We investigated the uptake of heat
shock-induced apoptotic leukemic cells by moDCs and DC maturation by combining a standard
cytokine cocktail with the clinically applicable TLR7/8-L R848.

Materials and Methods
Patient samples
Peripheral blood or bone marrow mononuclear cells from AML patients were isolated by
density centrifugation using Ficoll-Paque (Amersham Pharmacia Biotech, Uppsala, Sweden).
All samples were drawn after obtaining informed consent of patients at time of collection.
Cells were cultured immediately or cryopreserved at a controlled rate in liquid nitrogen using
RPMI 1640 medium (Gibco, Paisley, UK) supplemented with 20% heat-inactivated FCS (Greiner,
Alphen a/d Rijn, The Netherlands) and 10% dimethylsulphoxide (Merck, Darmstadt, Germany).
For application of stored AML cells, cryopreserved material was rapidly thawed and washed
twice in RPMI-1640 supplemented with 40% FCS. Cells were then resuspended in culture
medium as described below.
Generation and culture of moDCs
Buffy coats were obtained from healthy volunteers according to the institutional guidelines.
Peripheral blood mononuclear cells (PBMC) were isolated by density centrifugation using
Ficoll-Paque. Subsequently, monocytes were obtained by magnetic bead isolation, using
CD14-labeled microbeads (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany). MoDCs
were cultured from CD14+ monocytes in CellGro serum-free medium (CG; CellGenix, Freiburg,
Germany) supplemented with 100 IU/ml penicillin and 100 mg/ml streptomycin, GM-CSF (800
IU/ml, specific activity 1 x 105 IU/mg protein) and IL-4 (500 IU/ml, specific activity 1 x 107 IU/mg
protein, both Pepro Tech, Rocky Hill, NJ). Immature moDCs were harvested after 5 days. Purity
and phenotype of immature DCs were evaluated by flow cytometry for the expression of CD14,
CD40, CD34, CD80, CD86, HLA-DR, CD54 and CD83. For maturation induction, the following
TLR-L were used: R848 (3 mg/ml; Alexis Biochemicals, Axxora, Grünberg, Germany), LPS (100 ng/
ml; Sigma-Aldrich, Saint Louis, MO), polyinosinic-polycyticylic acid potassium salt (Poly(I:C); 25
mg/ml; Sigma-Aldrich), flagellin (5 mg/ml; Invivogen, San Diego CA) and peptidoglycan (PGN;
5mg/ml; Sigma-Aldrich). Maturation with CC was induced using the following combination
of cytokines and reagents: recombinant TNF-a (200 IU/ml; Strathmann Biotec, Hannover,
Germany), IL-1b (10 ng/ml; Strathmann Biotec), PGE2 (1 mg/ml; Sigma-Aldrich) and IL-6 (10 ng/
ml; R&D Systems, Abingdon, UK).
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Flow cytometric analysis of moDCs
Four-color flow cytometry was performed on a FACSCalibur flow cytometer (Becton Dickinson,
San Jose CA). Results were analyzed using CellQuest software (Becton Dickinson). Immature
and mature DCs were stained by appropriate dilutions or mouse isotype-matched control
mAb of fluorescein isothiocyanate (FITC)-labeled CD14 (Becton Dickinson, San Jose CA), CD1a
(Sanquin), CD54 (DAKO, Glostrup, Denmark). We further used phyco-erythrin (PE)-labeled
monoclonal antibodies (mAbs) against CD40 (Coulter Immunotech, Marseilles, France), CD80,
CD86, CCR-7 (CD197, Becton Dickinson, San Jose CA), CLIP (cerCLIP.1; Santa Cruz Biotechnology,
Santa Cruz CA), CD83 (Coulter Immunotech) and HLA-DM (Becton Dickinson), and peridinin
chlorophyll protein (PerCP)-labeled mAbs against HLA-DR and CD34 (Becton Dickinson).
Isotype control antibodies were FITC-labeled IgG1 (DAKO) and IgG2b (Sanquin), PE-labeled IgG1
(Becton Dickinson) and IgG2b (DAKO) and PerCP-labeled IgG1 and IgG2a (Becton Dickinson).
For HLA-DO expression analysis, FITC-labeled anti-HLA-DO and IgG2b isotype control were
used (both Becton Dickinson). Intracellular HLA-DM and HLA-DO staining was performed
after fixation with paraformaldehyde followed by permeabilization with PBS-0.1% saponin
(Sigma-Aldrich). Results are presented as either the percentage of positive cells compared
to the appropriate isotype control or the mean fluorescence index (MFI). MFI represents the
mean fluorescence obtained through binding of the mAb of interest divided by the mean
fluorescence of the appropriate isotype control. Relative CLIP expression was determined by
calculating the ratio between CLIP and HLA-DR expression based on both the percentage and
MFI of positive cells, as described previously. 2
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Loading of moDCs with allogeneic apoptotic AML cells and AML cell lysates
Leukemic cells were labeled with 5- (and 6-) carboxyfluorescein diacetate succinimidyl ester
(CFSE; Molecular Probes, Eugene, Oregon). Cells were suspended in buffered saline (PBS) at
10 x 106 cells/ml and labeled for 10 min with 1 M CFSE at 37°C, washed three times with RPMI1640, 10% FCS and incubated overnight in RPMI-1640, supplemented with 100 IU/ml penicillin
and 100 mg/ml streptomycin and 10% FCS. Leukemic cells were harvested and taken up in PBS
and apoptosis was induced by heat shock (2 h at 42ºC) or by incubation for 2 h at 37ºC with
ARA-C (10 mg/ml; Mayne Pharma, Warwickshire, UK). The percentage of necrotic, apoptotic
and viable cells was determined before and after apoptosis induction by incubation with
Syto-62 (5 nM; Molecular Probes, Eugene OR), PSC833 (2 mM; Novartis, Basel, Switzerland)
and 7-aminoactinomycin D (7-AAD; ViaProbe, Pharmingen, San Diego CA) for 45 min at 37ºC,
and by flow cytometric analysis as described previously. 28 Syto-62 is a fluorescent nucleic acid
stain that exhibits bright fluorescence upon binding to nucleic acids and is retained in viable
cells. Together with the use of 7-AAD, discrimination between viable (Syto+/7AAD-), and early
(Syto-/7AAD-) and late (Syto-/7AAD+) stages of apoptosis can be made. MoDCs were labeled
with CellVue Plum (Polysciences, Washington, CO) or with PKH26 (Sigma, MO) according to
manufacturers’ guidelines. After labeling, DCs were washed three times and put in CG medium.
MoDCs were cultured in a 1:1 or 1:3 ratio with pretreated leukemic cells in CG medium combined
with 100 IU/ml penicillin and 100 mg/ml streptomycin and 800 IU/ml GM-CSF and 500 IU/ml
IL-4 at 37ºC, 5% CO2. Using different time schedules, cultures were supplemented with the
indicated maturation stimuli.
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DC migration assays
The migratory capacity of DCs was evaluated in a transwell system (5 mm poresize, Corning
Costar, Corning, NY) under serum-free conditions. Cells were allowed to migrate 16 h towards
medium with or without chemoattractant CCL19 (MIP-3b, 300 ng/ml; R&D Systems, Abingdon,
UK). The percentage of migrated cells was quantified by flow cytometry using a fixed amount of
fluorescent beads as a reference (FlowCount Fluorospheres, Coulter, Miami, FL).
CD40 ligation and cytokine release measurements
DCs were harvested, washed and seeded in a 96-well round-bottomed plate at 40 x 10 3 cells
in 200 ml culture medium containing 10% FCS per well. CD40L-expressing cells (i.e., CD154transfected J558 cells) were used as stimulator cells at 40 x 10 3 per well. Following 24 h of
stimulation, supernatants were harvested and analyzed for presence of IL-12 by ELISA, as
described previously. 29
Mixed leukocyte reactions
The ability of the various AML cell-loaded DCs to stimulate T cells was tested in allogeneic
mixed leukocyte reactions (MLRs). After isolation of peripheral blood mononuclear cells
(PBMCs) from a buffy-coat, CD8+ cells were obtained by magnetic cell sorting with anti-CD8
labeled magnetic microbeads (Miltenyi Biotec GmbH Bergisch Gladbach, Germany) and used
as responder cells. DCs were irradiated at 30 Gy and then added to round-bottomed 96-well
tissue-culture plates (Costar, Corning NY) at various stimulator-to-responder ratios. All ratios
were tested in triplicate; cells were cultured in RPMI medium containing 10% FCS. After 5 days
of culture, [3H]-thymidine (Amersham Pharmacia Biotech, Buckinghamshire, UK) was added at
0.4 mCi per well; for 16 h, after which the cells were harvested onto fiberglass filters and [ 3H]thymidine incorporation was determined using a flatbed scintillation counter (Wallac, Turku,
Finland).
Statistical analysis
Statistical significance of differences between the various loading and maturation procedures
was determined by the paired sample Student’s t test (two-tailed); p-values of less than 0.05
were regarded as significant.

Results
Uptake of apoptotic AML cells or AML cell lysates by moDCs is a dose-dependent and
active process
To investigate the use of whole leukemic cells as a source of LAAs for loading onto DCs, we
co-incubated moDCs from healthy donors with either apoptotic AML cells or AML cell lysates,
each labeled with different fluorochromes. Apoptotic samples contained less than 25% viable
cells; the ratio of early apoptotic/viable cells was five times higher after 2 h incubation at 42ºC
compared with control situations (2 h at 37ºC, data not shown). The percentages of apoptotic
cells did not differ between the methods [incubation with cytarabine (ARA-C) or heat shock at
42ºC] used to induce apoptosis. The uptake of apoptotic cells or apoptotic cell fragments and
lysates by moDCs was dose-dependent (Figure 1A). Moreover, uptake of heat shock induced
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Figure 1D

Uptake of heath shock induced-apoptotic AML cells by moDCs is enhanced by R848 and
diminished by a DC maturation-inducing cytokine cocktail
Because TLR-mediated activation of DCs has previously been associated with enhanced
endocytosis, 30 we tested the influence of the clinically applicable TLR-L Poly(I:C), R848,
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apoptotic AML cells was more efficient than AML lysates (p=0.03; paired t test, n=6; tested
in moDCs from three different healthy donors). Fluorescence microscopic analyses revealed
actual uptake of AML preparations and not mere binding to the DC cell surface (Figure 1B). Coincubation of CFSE-labeled AML cells with moDCs for 2 h at 37ºC resulted in high levels of CFSE+
moDCs (35%), whereas co-incubation for 2 h at 0ºC resulted in only low percentages of CFSE+
moDCs (5%), which indicates that the observed uptake is an active endocytic process (Figure
1C-D). The efficiency of uptake differed per patient; no correlation was observed regarding
AML subtype or percentage of apoptotic cells. Since heat shock-induced apoptotic leukemic
cells were more efficiently taken up than lysates, further analysis was focused on the uptake of
heat shock-induced apoptotic AML cells.
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35%
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Figure 1. Uptake of AML cells by moDCs is a dose-dependent and active process. AML cells were labeled
Figure
Uptake
of AMLapoptosis
cells by moDCs
is a dose-dependent
and or
active
process.
cells
with
CFSE 1.
and
subsequently
was induced
by heat shock at 42ºC
incubation
withAML
ARA-C
forwere
2 h; labeled
lysates
by three apoptosis
freeze-thawing
cycles. Immature
moDCs
were labeled
with CellVue
Plum for 2 h;
with were
CFSEgenerated
and subsequently
was induced
by heat shock
at 42ºC
or incubation
with ARA-C
(emitting in the FL4 channel) or with PKH-26 (emitting in the FL2 channel) and co-incubated with leukemic
lysates were generated by three freeze-thawing cycles. Immature moDCs were labeled with CellVue Plum
cells.
(A) Uptake of leukemic cells by moDCs after 24 h of co-incubation. Results of leukemic cell:DC ratios
the are
FL4presented
channel) or
PKH-26 uptake
(emitting
in the FL2
andatco-incubated
with leukemic
of (emitting
1:3 (filled in
bars)
aswith
the relative
compared
tochannel)
the uptake
leukemic cell:DC
ratios cells.
of (A)
1:1 (open
bars;
n=14,
±SEM).
(B)
CFSE-positive
moDCs
after
co-incubation
with
CFSE
labeled
cell
lysates
Uptake of leukemic cells by moDCs after 24 h of co-incubation. Results of leukemic cell:DC ratios of 1:3 (filled
(400x magnification). (C and D) Dotplots representing uptake of CFSE-labeled leukemic cells after 2 h
bars) are presented as the relative uptake compared to the uptake at leukemic cell:DC ratios of 1:1 (open bars;
incubation at 0ºC (panel C) or 37ºC (panel D); insets represent the percentages of PKH26-labeled moDCs
n=14, for
±SEM).
positive
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(C and D) Dotplots representing uptake of CFSE-labeled leukemic cells after 2 h incubation at 0ºC (panel C) or
37ºC (panel D); insets represent the percentages of PKH26-labeled moDCs positive for CFSE.
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as well as PGN, flagellin and LPS on the uptake of AML cells by moDCs. Administration of a
maturation-inducing cytokine cocktail (CC) 2 h after co-incubation of moDCs with lysed or
apoptotic leukemic cells resulted in a significantly lower uptake by moDCs (Figure 2). Of all
the TLR-L tested (data of Poly(I:C), R848, LPS, PGN and flagellin not shown), only R848 was
able to significantly enhance uptake of heat shock-induced apoptotic leukemic cells. Of note,
addition of R848 enhanced uptake of apoptotic but not of lysed AML cells by moDCs (Figure
2). Remarkably, combined administration of R848 and CC abolished this positive effect. We
hypothesized that the prolonged incubation with R848 combined with delayed administration
of CC might result in higher uptake. Therefore, we pre-incubated heat shock-induced apoptotic
leukemic cells and moDCs with R848 for 24 h, after which CC was added for 48 h (Figure 3). In
this time frame, we found more efficient uptake of heat-shock-induced apoptotic leukemic

Figure 2. Differential effects of R848 and a cytokine cocktail on the uptake of apoptotic AML cells or
AML cell lysates. Apoptosis of AML cells was induced by heat shock at 42ºC or incubation in ARA-C for 2
h. Leukemic cells and moDCs were incubated for 2 h, R848 was added for another 2 h for the R848 and
R848 & cytokine cocktail (CC) conditions. CC was added for the CC and R848 & CC condition 4 h after the
start of co-culture (as depicted in the schematic illustration). Uptake was measured by flow cytometry and
indicated as the percentage of CFSE-positive moDCs, 48 h after the start of co-culture. Relative uptake of
leukemic cell products by moDCs is depicted, i.e., relative increases as compared to the situation without
addition of cytokines or R848. Mean percentages of CFSE-positive DCs in the control group are listed in
the lower left corner of each graph; horizontal lines represent means; n=6; * p<0.05.
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cells by R848-treated moDCs as compared to control and CC-treated moDCs. However, this
enhanced uptake was counteracted by sequential incubation with CC.

Function of heat shock-induced apoptotic AML cell-loaded versus unloaded moDCs
To further investigate the effects of the applied loading strategies on healthy donor-derived
moDCs, we examined their migratory and T cell stimulating capacity. Upon CC-induced
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Maturation induction of AML cell-loaded moDCs
Next, we investigated if the use of R848 and/or CC affected the maturation state of moDCs from
healthy donors incubated with AML cells. The uptake of heat shock-induced apoptotic cells by
immature moDCs resulted in a significant decrease of CD86 and CD40 expression (Figure 4).
Addition of CC 24 h after loading resulted in moDC maturation as shown by de novo expression
of CD83 and chemokine receptor CCR7 (Figure 4). Only partial maturation was induced after
addition of R848 alone, as demonstrated by low-level CD83 expression and the absence of
CCR7. Of note, pre-incubation with R848 blocked full maturation by CC as shown by significantly
lower levels of CD83, CCR7, CD40 and CD86 (Figure 4).
MHC class II antigen presentation requires the exchange of CLIP for an antigenic peptide
in the peptide-binding groove, a process that is catalyzed by HLA-DM. HLA-DO, another
nonclassical MHC class II molecule, is able to down-regulate the catalytic function of HLA-DM. 31
The intensity of HLA-DR varied between different maturation stimuli (data not shown). Relative
to HLA-DR, moderate CLIP down-regulation was found upon loading of immature DCs with
heat shock-induced apoptotic AML cells, but a more profound decrease in CLIP expression was
seen upon maturation induction by R848 and/or CC (Figure 4E). These data indicate efficient
HLA-DR mediated presentation of endocytosed antigens after maturation. Both HLA-DM and
-DO expression levels were in accordance with those observed for CLIP (data not shown).

Figure 3. Effects of prolonged incubation with R848 followed by cytokine cocktail addition on the
uptake of apoptotic AML cells. Uptake of leukemic cell preparations by moDCs is depicted. Apoptosis of
AML cells was induced by heat shock for 2 h at 42 ºC. After 24 h of co-incubation of apoptotic leukemic cells
and moDCs, either with or without R848, a cytokine cocktail (CC) was added. Uptake was measured by flow
cytometry and indicated as the percentage of CFSE-positive moDCs, 72 h after the start of co-culture. The
relative increase as compared to situations without addition of cytokines or R848 is depicted. The mean
percentage of CFSE-positive moDCs from the control group is listed in the lower left corner of the graph;
horizontal lines represent means; n=5; * p<0.05, ** p<0.005.

65

A

B

C

D

E

F

3

Figure 4. Immunophenotype of moDCs after co-incubation with apoptotic AML cells. Marker expression
of (A) CD83, (B) CCR7, (C) CD86, (D) CD40 and (E) CLIP are shown after uptake of heat shock-induced
apoptotic AML cells by moDCs, either in presence or absence of R848 or CC; the time intervals used are
depicted in the schematic illustration in panel F. For CD83 and CCR7, the percentages of positive cells are
shown (panels A and B, respectively). For CD86 and CD40, mean fluorescence indices (MFI; calculated in
relation to isotype controls) are shown (panels C and D, respectively; n=10). CLIP expression is indicated
as the fold change compared with immature moDCs (immat; panel E; n=13). Relative CLIP is defined by the
ratio of CLIP and HLA-DR expression, as indicated in Materials and Methods. Horizontal lines represent
means; * p<0.05; ** p<0.005.
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maturation, the lymph node homing receptor CCR7 was upregulated (Figure 4B). In line with
this, maturation with CC resulted in a high migration rate towards the CCR7 ligand CCL19;
combined maturation with R848 resulted in lower migration efficiencies (Figure 5A).
In response to overnight CD40 ligation, heat shock-induced apoptotic AML cell-loaded
moDCs stimulated with R848 or CC released reduced levels of the Th1-skewing and CTLactivating cytokine IL-12p70 as compared to non-stimulated unloaded moDCs [mean relative
decrease (±SD): 0.65 (±0.27) and 0.52 (±0.16), respectively; median IL-12 production by unloaded
non-stimulated moDCs: 520 pg/ml (range: 286-5199); Figure 5B]. Of note, IL-12p70 release was
almost completely abolished by the combined sequential use of R848 and CC [mean relative
decrease: 0.97 (±0.06)]. However, incubation with R848 and CC increased the ability of moDCs
to prime naive T cells in allogeneic MLRs in accordance with the observations for phenotypic
maturation: addition of CC after 24 h pre-incubation with R848 enhanced T cell stimulating
capacity but not to the same level as seen for CC alone (Figure 5C).

C

Figure 5. Function of heat shock-induced apoptotic AML cell-loaded moDCs following incubation
with or without R848 and/or cytokine cocktail. (A) Migration of moDCs towards CCL19 was tested in
a 0.5 mm-pore transwell system; percentages of moDCs that migrated towards CCL19 (grey bars) and
medium (white bars) are shown; * p<0.05. (B) IL-12p70 production was measured after overnight CD40
ligation; relative IL-12p70 release compared with unloaded immature moDCs is depicted. Mean IL-12p70
release in the control group is listed in the lower left corner of the graph. (C) The capability of DCs to
stimulate proliferation in a mixed leukocyte reaction is indicated after 5 days of co-incubation of moDCs
and allogeneic CD8+ T cells in various moDC:T cell ratios. [3H]-thymidine was added and incorporation
was measured after 16 h. Each ratio was tested in triplicate and means ±SD are shown. One representative
experiment out of six is shown; * p<0.05, ** p<0.005.
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This study was undertaken to investigate various moDC vaccine preparation strategies in order
to create an optimized moDC vaccine for the treatment of MRD in AML. The ability of healthy
donor-derived moDCs to take up whole cell-derived material in combination with TLR-L was
investigated in order to enhance uptake of LAAs. Furthermore, we explored the ability of
moDCs to mature under influence of various TLR-L and a standard CC as positive control.
Immature DCs are capable of taking up antigens, e.g., from infected cells or tumor cells, in
the form of apoptotic bodies or necrotic cell particles. 32;33 Next to the antigen source, agents
such as TLR-L or cytokines can affect the outcome of this uptake. 34 Upon encounter with for
instance microbial agents or other inflammatory stimuli, DCs mature from cells specialized
in antigen uptake into cells specialized in T cell stimulation. Inflammatory cytokines are
considered as strong maturation inducers but, as we demonstrated, CC inhibits further antigen
uptake by DCs. In contrast, TLR-L are known to enhance the uptake of antigenic material and
subsequently induce maturation. 30 In accordance with this, we found enhanced uptake after
co-incubation with TLR- L R848, whereas addition of CC after 24 h of co-incubation with R848
halted further uptake.
The method by which leukemic cell death was induced influenced the amount of cellular
material taken up by moDCs: less uptake was achieved after co-incubation with cell lysates
as compared to apoptotic cells. In the process of dying, apoptotic cells are known to shed
immunogenic particles, i.e., so-called blebs. Murine studies have demonstrated that these
blebs are taken up more efficiently by DCs than the remaining and larger apoptotic bodies. 35
This could offer an explanation for our observation that apoptotic AML cells are more efficiently
taken up by moDCs than AML lysates. Additional knowledge about the ability of DCs to prime
LAA-specific T cells is clearly warranted to further differentiate between both whole leukemic
cell-derived antigen sources.
One of the key players in the MHC class II antigen presentation pathway is CLIP and its
regulators HLA-DM and HLA-DO. TLR-L regulate processing of the invariant chain (Ii) and influence
the exchange of CLIP with antigenic peptides. TLR signaling is necessary to direct the internalized
antigens via the conventional pathway for presentation by MHC II, whereas tolerogenic DCs can
upregulate CLIP expression and hamper T cell signaling.36-38 In line with this, CLIP expression was
reduced when moDCs and apoptotic AML cells were co-incubated in the presence of R848 and/
or CC, indicative of a putative increase in LAA presentation by loaded moDCs.
Maturation of DCs is necessary to enable migration to lymph nodes and activation of T cells.
Consistent with literature, CC induced upregulation of CD86, expression of CD83 and CCR7, and
hence enhanced migratory capacity, the latter most likely due to the presence of PGE2 in the
cocktail. R848 is able to induce phenotypic maturation, but far less prominently than CC.39;40
In this setting, our results indicate that R848 is rather an enhancer of antigen uptake than a
straightforward maturation inducer, whereas CC only promotes maturation. We hypothesized
that both high uptake and maturation might be achieved by the combination of prolonged
R848 incubation (24 h) followed by addition of CC. However, maturation was only slightly
increased compared to R848 alone. These data indicate that TLR-L antagonize the maturation
efficacy of CC. Recent studies showed the inhibitory effects of TLR-L LPS and Poly(I:C) on DCs
by activation of so-called suppressors of cytokine signaling (SOCS). It has been described that
SOCS1, 2 and 3 are required for appropriate TLR signaling in maturing human DCs via both the

3
Optimization of DC loading with AML-derived antigens

MyD88-dependent and -independent signaling pathway.41-44 By first enhancing uptake with
TLR-L, the DC might become resistant to cytokines because of the activation of SOCS1/2,
resulting in disturbed maturation. Moreover, TLR-mediated induction of maturation-inhibitory
cytokines (e.g., IL-10) might be responsible for this inhibitory effect on maturation.45;46 We did
attempt an inhibition of putatively involved down-stream signaling elements (a.o. p38 MAPK,
PI3K, STAT3) to abolish this R848-mediated block in CC-induced DC maturation, but to no avail.
PGE2, part of the cytokine cocktail, is known to impair production of IL-12p70.47;48 As a
consequence of reduced IL-12p70 levels, immunosuppressive cells such as T regulatory cells
might be recruited.49;50 Various combinations of cytokines and other DC-maturing factors, such
as TLR-L, direct moDC maturation towards a migratory and/or Th1-activating cytokine release
profile.39;51 Recently, it was shown that the simultaneous addition of PGE2 and TLR 3/7/8 ligands
resulted in higher levels of costimulatory molecules on DCs as well as IL-12p70 production and
migration capacity.39;52 We hypothesized that by pre-incubating moDCs with R848, followed by
maturation with CC (containing PGE2), effective IL-12p70 production and migratory capacity,
as well as improved AML cell uptake may be established. The addition of CC after prolonged
incubation with R848 enhanced the migratory capacity, but not to the same levels as CC alone.
Furthermore, IL-12p70 production was abolished as compared to CC stimulation alone. This may
be explained by the longer incubation time and thereby exhaustion of moDCs before assessing
the overnight IL-12p70 production. However, in a mixed leukocyte reaction, we demonstrated
that the CD8+ T cell stimulatory capacity of R848- and/or CC-matured moDCs was significantly
higher than that of controls, indicating that irrespective of IL-12p70 production, R848- and/or
CC-matured DCs are able to stimulate CD8+ T cells. Because IL-12p70 is an important cytokine
in Th1 and CTL activation, careful analysis of the ability to prime functional leukemia-specific T
cells is needed to design optimal moDC vaccine preparation strategies.
In conclusion, our results demonstrate that the uptake of leukemic cells by moDCs and
their maturation state is differentially affected by TLR-L R848 and CC. As compared to CC alone,
the sequential use of R848 and CC interfered with effective moDC maturation as indicated
by diminished migration and T cell stimulatory capacity, and abolished IL-12p70 production.
These findings do not justify incorporation of TLR7/8-L in DC-maturing cocktails for clinical
development of whole-cell AML-loaded moDC vaccines.
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Disease recurrence in acute myeloid leukemia (AML) patients may be partially explained by
the escape of leukemic blasts from CD4+ T cell recognition. The current study investigates
the role of aberrant HLA class II antigen presentation on leukemic blasts by determining both
the clinical and functional impact of the class II-associated invariant chain peptide (CLIP). The
levels of expression of CLIP and HLA-DR on blood and bone marrow samples from 207 AML
patients were correlated with clinical outcome. Irradiated CLIP- and CLIP+ leukemic blasts were
compared for their capability to stimulate CD4+ T cells during mixed leukocyte reactions. To
discriminate between these blasts, we down-modulated CLIP expression on myeloid leukemia
cell lines by RNA interference of the invariant chain (Ii), a chaperone protein critically involved
in HLA-DR processing, and performed flow cytometric sorting for their isolation from primary
AML samples. We found that AML patients with leukemic blasts characterized by a high amount
of HLA-DR occupied by CLIP (relative amount of CLIP) had a significantly shortened diseasefree survival. The clear reductions in amount of HLA-DR occupied by CLIP on blasts of the THP-1
and Kasumi-1 myeloid leukemia cell lines after treatment with Ii short interfering RNA resulted
in enhanced rates of allogeneic CD4+ T cell proliferation. Similar findings were obtained in an
autologous setting, in which there were strong increases in proliferation of remission CD4+ T
cells stimulated with CLIP--separated leukemic blasts from HLA-DR+ AML patients, in contrast to
CLIP+-separated leukemic blasts from the same patients. These data highlight the relevance of
CLIP expression on leukemic blasts and the potential of CLIP as a target for immunomodulatory
strategies to enhance HLA class II antigen presentation and CD4+ T cell reactivity in AML.

Introduction

4
CLIP and immunogenicity of leukemic cell lines

Although intensive chemotherapy induces complete remission in 70-80% of younger and
40-60% of elderly patients with acute myeloid leukemia (AML), relapses still occur in the majority
of cases.1 It is hypothesized that leukemic blasts, which survive induction and consolidation
treatment, have acquired a non-immunogenic phenotype during the process of immune
editing, 2 resulting in the outgrowth of minimal residual disease. Therefore, manipulation of
this immune escape phenomenon could have important implications for the development of
additional immunotherapeutic strategies that intend to eradicate minimal residual disease in
AML patients.3 The immunotherapeutic strategies most commonly used, including allogeneic
hematopoietic stem cell transplantations and donor lymphocyte infusions, are based on the
generation of specific CD8+ CTL responses against leukemic blasts in vivo.4,5 In order to induce an
effective and long-lasting anti-leukemic T cell response, however, CD4+ T cells are necessary to
provide help to CTLs upon activation by APCs.6,7 Also, in mice suffering from myeloid leukemia,
CTL-mediated graft-versus-leukemia responses following delayed donor lymphocyte infusion
were totally dependent on CD4+ T cell help and reduced significantly when donor APCs lacked
MHC class II expression.8
Since tumor-specific activation of CD4+ T cells relies on optimal presentation of tumor
antigens by HLA class II molecules, the HLA class II presentation pathway in APCs is likely to
play an important role in anti-tumor immunity. During HLA class II synthesis, class II a and
b chains dimerize in the endoplasmic reticulum (ER) and associate with the invariant chain
(Ii) to form a nonameric complex. This interaction with Ii contributes to proper folding and
prevents premature peptide loading of the HLA class II molecule.9,10 Furthermore, Ii plays an
important role in HLA class II trafficking from the ER to specialized lysosomal antigen-loading
compartments called MIICs (MHC class II antigen-loading compartments).11 During transport
from the ER to the MIICs, Ii is proteolytically cleaved and a small peptide remnant, called the
class II-associated invariant chain peptide (CLIP), remains associated with the antigen-binding
groove.12 For binding of exogenous antigenic peptides, which are processed in the endosomal/
lysosomal pathway, CLIP has to be released from the antigen-binding groove by a specialized
HLA-like chaperone, termed HLA-DM.13 In B cells, another molecule residing in the MIICs,
HLA-DO, is able to down-regulate the catalytic function of HLA-DM, resulting in limited
presentation of exogenous antigens at the plasma membrane.14
In tumors lacking HLA class II expression, tumor-specific CD4+ T cell activation can
only be induced by professional APCs that are loaded with tumor antigens.15 We and others
demonstrated in mice that tumor cells transfected with HLA class II genes are able to present
tumor antigens at the plasma membrane and can induce strong CD4+ T cell responses.16,17
Interestingly, these and other studies further revealed that Ii expression in HLA class IItransfected tumor cells is negatively involved in activating tumor-reactive CD4+ T cells.18,19 This
indicates that the absence of Ii in HLA class II-expressing tumor cells contributes to efficient
HLA class II-mediated presentation of endogenously synthesized tumor peptides, leading to
activation of tumor-specific CD4+ T cells.
In the case of AML, leukemic blasts have an intrinsic property to express both HLA class
II and costimulatory molecules at the plasma membrane. 20,21 For that reason, it could be
hypothesized that leukemic blasts expressing Ii intracellularly, as well as HLA-DR and CLIP
at the plasma membrane, escape immune surveillance by circumventing leukemia-specific
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CD4+ T cell recognition. In agreement with this hypothesis, we previously showed that a
high expression of CLIP on leukemic blasts of AML patients predicts a shortened disease-free
survival. 22 In the current study, we expanded our cohort of newly diagnosed AML patients and
confirmed that a high relative amount of CLIP (the relative amount of HLA-DR occupied by
CLIP) on leukemic blasts significantly correlates to a poor clinical outcome. In addition, we
report that a low relative amount of CLIP on blasts of HLA-DR+ myeloid leukemia cell lines and
AML patients clearly improves CD4+ T cell recognition, indicating that CLIP down-modulation
is a promising immunomodulatory strategy to optimize HLA class II antigen presentation and
tumor immunogenicity in AML patients.

Materials and Methods
Patient samples
In accordance with the Declaration of Helsinki, blood and bone marrow samples were collected
from 207 patients with previously untreated AML between 1992 and 2007. Informed consent
was obtained from all patients for the research use of their specimens, with approval of the
institutional review board. The diagnosis of AML and its subtypes was made according to the
French-American-British (FAB) criteria. 23 Patients with acute promyelocytic leukemia (FAB-M3),
whose leukemic blasts lacked HLA-DR expression, were excluded. All patients received remission
induction and consolidation therapy according to the HOVON (Dutch-Belgian HematologyOncology Cooperative Group) protocols, available at www.hovon.nl. Cytogenetic risk group
was defined as favorable [t(8;21) or inversion(16)], standard (neither favorable nor adverse), or
adverse [complex karyotype, -5 or -7, deletion(5q), abnormality 3q or 11q23].1 Overall survival
(OS) was defined as the time period from inclusion to death or last date of follow-up. Diseasefree survival (DFS) was defined as the time period between achievement of complete remission
(CR) and the moment of relapse or the last date of follow-up in non-relapsed patients. Bone
marrow and peripheral blood mononuclear cells, withdrawn before the start of therapy, were
collected through density-gradient centrifugation (Ficoll-PaquePLUS; Amersham Biosciences,
Freiburg, Germany). Samples were analyzed by flow cytometry immediately or cryopreserved
in liquid nitrogen until analysis.
Cell lines and cell culturing
Human myeloid leukemia cell lines HL-60 (FAB-M2), THP-1 (FAB-M5), U-937 (FAB-M5), Kasumi1 (FAB-M2), ME-1 (FAB-M4eo) and KG-1 (FAB-M0/1) were purchased from the American Type
Culture Collection (ATTC) and frozen in aliquots at low cell passage. HL-60, THP-1 and U-937
cell lines were maintained in RPMI 1640 medium (Gibco, Paisley, UK) supplemented with 1%
L-glutamine and 10% heat-inactivated FBS (Greiner, Alphen a/d Rijn, The Netherlands) with
a cell density of 5 x 105 cells/ml. Similar culture conditions were used for both the Kasumi-1
and ME-1 cell line, only in these cases medium contained 15% and 20% FBS, respectively. The
KG-1 cell line was cultured at 3 x 105 cells/ml in IMDM (Gibco) supplemented with 20% FBS, 1%
L-glutamine (Gibco), 25 mM Hepes (Sigma-Aldrich, St Louis, MO) and 50 mM 2-ME (Gibco). Cells
were incubated at 37°C in a humidified atmosphere containing 5% CO2 and culture medium was
refreshed every 2-3 days.
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Cell lysate preparation and western blotting
For western blot analysis, 10 x 106 myeloid leukemic blasts were washed three times with sterile
PBS (pH 7.4). Cell lysates were prepared by snap-freezing the samples in liquid nitrogen and
incubating them for 45 min in 250 ml ice-cold lysis buffer, which consisted of PBS supplemented
with 1% Ipegal and 15% protease inhibitor cocktail (Complete; 1 tablet per 7.5 ml H2O; Boehringer
Mannheim Biochemica, Mannheim, Germany). After centrifugation in an Eppendorf microcentrifuge (5 min, 10,000 rpm), the protein content of the supernatant was determined by the
Bio-Rad protein assay (Biorad Laboratories, Hercules, CA). Then, proteins from 10 mg of total
cell lysates were separated on a 12.5% polyacrylamide gel containing SDS and transferred onto
a methanol-activated PVDF membrane. The membranes were pre-incubated for 1 h at 4°C in
blocking buffer (5% Marvel milk powder in TBS-T; 10 mM Tris-HCl, pH 8.0, 0.15 M NaCl, 0.1%
Tween-20) to prevent non-specific antibody binding. After blocking, the membranes were
incubated overnight at room temperature with mouse anti-DMa (1:1000; 5C1)25 or b-actin
(1:3000; Chemicon, Billerica, MA) antibody. After four washing steps with TBS-T, the membranes
were incubated for 1 h with HRP-labeled goat anti-mouse (1:2500; Dako, Glostrup, Denmark)
secondary antibody and protein complexes were visualized by Amersham ECL Western Blotting
Detection Reagents (GE Healthcare, Buckinghamshire, UK).

4
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Antibodies and immunofluorescence staining
The following mouse monoclonal antibodies were used: PE-labeled anti-CLIP (cerCLIP.1; Santa
Cruz Biotechnology, Santa Cruz, CA), anti-HLA-DM (BD PharMingen, San Diego, CA), CD27
and IgG1 isotype control (BD, San Jose, CA); FITC-labeled anti-HLA-DR (L243 isotype; BD), antiHLA-DO (BD PharMingen), CD45RA (Sanquin, Amsterdam, The Netherlands), CD45RO (Dako,
Glostrup, Denmark), CD4 (BD), IgG2a (Dako) and IgG2b (BD PharMingen) isotype controls;
PerCP-labeled CD45, CD8 and IgG1 isotype control (BD); APC-labeled CD3 and IgG1 isotype
control (BD); and 7-amino-actinomycin D (7AAD; Via-Probe, BD). PIN1.1 antibody (anti-Ii) was
kindly provided by Peter Cresswell (Howard Hughes Medical Institute, Yale University School
of Medicine, New Haven, CT). 24 Anti-HLA-DR blocking antibodies L243 were prepared from
supernatants of the HB-55 hybridoma (ATCC). Immunofluorescence staining was performed as
indicated in the Supplementary Appendix.

Retrovirus production, transductions and drug selection
A pSIREN-RetroQ vector (Clontech) containing a puromycin resistance gene and a specifically
prepared Ii siRNA insert (sequence 53) was used to silence Ii expression and retrovirus production
was performed as described earlier,18,26 and also stated in the Supplementary Appendix. After
generation of stable Ii siRNA-transduced myeloid leukemia cell lines, no differences in cell
growth were observed during culture as compared with wild-type blasts. As confirmed in a
previous report, 26 the process of retroviral transduction and siRNA formation did not influence
Ii expression and CD4+ T cell induction.
Allogeneic T cell proliferation assays
MLRs were performed in 96-well round-bottomed plates (Costar) with myeloid leukemic blasts
acting as stimulator and allogeneic CD4+ T cells as responder cells. To obtain CD4+ T cells, PBMCs
were isolated from buffy coats of different healthy donors by density gradient centrifugation
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(Ficoll-Paque; Amersham Biosciences). Subsequently, cells were negatively selected for CD14
and CD8 with microbeads using magnetic cell separation columns (MACS; Miltenyi Biotec,
Bergisch Gladbach, Germany). The purity of the resulting CD4+ cell population exceeded 95%,
as confirmed by flow cytometric analysis (data not shown).
Myeloid leukemic blasts were irradiated at 30 Gy and added with and without HLA-DR
blocking antibody (L243; 11.5 mg/ml) to a fixed concentration of 1 x 105 responder cells per well.
After co-culturing at different stimulator-to-responder ratios for 5 days, each well was pulsed
with 0.4 mCi [3H]thymidine (Amersham Pharmacia Biotech, Buckinghamshire, UK) for 18 h at
37°C in a humidified CO2 (5%) atmosphere. Co-cultures were harvested onto a fibre glass filter
and analyzed for [3H]-thymidine incorporation as a measure of cell proliferation using a liquid
scintillation counter (Wallac, Turku, Finland).
Autologous T cell proliferation assays
CLIP- and CLIP+CD45dim myeloid leukemic blasts were sorted from thawed de novo AML patient
samples by using a FACSAria flow cytometer (BD). For these flow cytometric sorts, cells were
stained with the PerCP-labeled CD45 (BD) and PE-labeled anti-CLIP (cerCLIP.1; Santa Cruz
Biotechnology) monoclonal antibody. To select for CD4+ T cells, we collected peripheral blood of
patients in complete remission for more than 6 months and isolated the mononuclear fractions
as described above. PBMCs were negatively selected for CD14 and positively selected for CD4
with microbeads using MACS (Miltenyi Biotec). Remission CD4+ T cells (5 x 105) were cultured
together with irradiated blasts from the same patient at a 1:1 ratio in RPMI 1640 medium (Gibco)
containing 10% human AB serum (ICN Biochemicals, Aurora, OH), 1% penicillin/streptomycin,
50 mM 2-mercaptoethanol and IL-7 (10 ng/ml; Miltenyi Biotec). CD4+ T cells were re-stimulated
once a week for at least two times with blasts and cultured again in fresh medium. IL-2 (50 U/
ml; Miltenyi Biotec) was added 2 days after each stimulation with blasts. CD4+ T cell proliferation
was determined by tryptan blue dye exclusion.
Statistical analysis
Statistical analyses were conducted using SPSS 15.0 software. To determine associations
between variables, Spearman’s correlation coefficient was used. Differences between patient
characteristics were analyzed with the Mann-Whitney U test. For survival data, Kaplan-Meier
curves were compared by means of the log-rank test. Multivariate Cox regression analysis was
performed to evaluate the predictive value of several variables on survival.

Results
High relative amount of CLIP on leukemic blasts is correlated with poor clinical outcome
We previously demonstrated that high CLIP expression on leukemic blasts was correlated with
poor clinical outcome in a cohort of 111 AML patients (1992-2003). 22 We have now expanded
this cohort to 207 patients (1992-2007). The characteristics of these patients are shown in
Supplementary Table S1, showing that the cohort is a representative group of AML patients.
CLIP expression was comparable to that in the 1992-2003 cohort and ranged from 1-99%
(mean 30.5%, median 24%). The relative amount of CLIP ranged from 0.0006-5.3 (mean 0.23,
median 0.03). As already previously shown in a smaller subset of patients, both high CLIP
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expression and a high relative amount of CLIP were significantly correlated with a shortened OS
(p=0.007 and p=0.027 (Spearman), respectively). Furthermore, a cut-off level of 35% for CLIP
expression resulted in a significant difference in Kaplan-Meier survival curves for DFS of AML
patients (Figure 1A; p=0.013, log-rank). Multivariate analysis revealed that the relative amount
of CLIP is a significant predictor of DFS, in contrast to WBC count and age (p=0.023 versus
p=0.36 and p=0.37 respectively, Cox regression). No significant association was found between
each of the FAB subtypes and DFS.
As the numbers of patients in the good and poor cytogenetic risk groups were too small to
enable reliable multivariate analysis, we determined the predictive value of CLIP in patients with
an intermediate cytogenetic risk profile. When analyzing this intermediate risk patient group,
the largest group in our cohort, again significant differences in survival curves were found
between HLA-DR+CLIP- and HLA-DR+CLIP+ groups of patients (Figure 1B; p=0.025, log-rank).
In conclusion, in this expanded group of patients, we are able to confirm that a high relative
amount of CLIP on leukemic blasts predicts a poor clinical outcome for AML patients, indicating
that impaired HLA class II antigen presentation on leukemic blasts is functionally involved in
disease progression.
Immunophenotypic characterization of blasts from myeloid leukemia cell lines reveals
different expression patterns of proteins involved in the HLA class II presentation pathway
To explore the functional role of HLA class II antigen presentation on leukemic blasts, we
screened six myeloid leukemia cell lines for the expression of the key proteins involved in the
HLA class II presentation pathway by flow cytometry. Plasma membrane HLA-DR and CLIP as
well as intracellular Ii, HLA-DM and HLA-DO expression levels are shown for four of these cell
lines (Figure 2A). Blasts of the HL-60 and U-937 leukemia cell line did not express HLA-DR and
CLIP at all (data not shown).

B

Figure 1. Kaplan-Meier curves for disease-free survival of AML patients. A significant difference was
observed between patients with HLA-DR+CLIP- leukemic blasts and patients with HLA-DR+CLIP+ leukemic
blasts, both in the total (panel A; p=0.013, log-rank) and intermediate cytogenetic risk (panel B; p=0.025,
log-rank) patient group. Cut-off levels of 45% of blasts positive for HLA-DR and 35% of blasts positive for
CLIP were used.
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Strong HLA-DR expression was observed on blasts of both the KG-1 and ME-1 leukemia cell
line (MFI=199.7 and 96.5, respectively), while no CLIP expression was detected (group I). The
THP-1 and Kasumi-1 leukemia cell lines not only expressed high levels of HLA-DR (MFI=47.0 and
34.6, respectively), but also CLIP (MFI=55.7 and 36.2, respectively) was clearly present at the
plasma membrane (group II). Ii was abundantly expressed in the leukemia cell lines of both
groups, which might suggest that the observed differences in plasma membrane expressed
CLIP are induced by HLA-DM and/or HLA-DO in the MIICs. When comparing HLA-DM and
HLA-DO expression levels between the leukemia cell lines of group I and II, HLA-DM expression
was found in CLIP- KG-1 and ME-1 blasts (MFI=30.8 and 13.6), whereas its expression was very low
in CLIP+ THP-1 and Kasumi-1 blasts. This low HLA-DM expression in THP-1 and Kasumi-1 blasts
was confirmed by western blot analysis (Figure 2B). HLA-DO expression was only detected in
42% of KG-1 blasts (MFI=4.0), while blasts of the other leukemia cell lines from group I and II
were negative.
In conclusion, these findings demonstrate that, in the leukemia cell lines of group I, the
presence of HLA-DM (and the relative absence of HLA-DO expression) probably causes an
exchange of CLIP for antigenic peptides in the MIICs, which results in a HLA-DR+CLIP- phenotype
of blasts. These blasts presumably have the ability to present leukemia-associated antigens.
In the leukemia cell lines of group II, regarding the low amount of HLA-DM, CLIP may poorly
dissociate from HLA-DR in the MIICs, leading to a HLA-DR+CLIP+ phenotype with consequent
aberrant HLA class II antigen presentation.
Ii silencing in HLA-DR+CLIP+ THP-1 and Kasumi-1 blasts contributes to reduced relative
amounts of CLIP at the plasma membrane
Since a high relative amount of HLA-DR molecules occupied by CLIP interferes with antigen
presentation, we used Ii as a target in HLA-DR+CLIP+ THP-1 and Kasumi-1 blasts to lower the
relative amount of CLIP and thereby increase HLA-DR-mediated antigen presentation at the
plasma membrane. For this purpose, we transduced these cell lines with retroviruses encoding for
specific Ii siRNAs and subsequently followed intracellular Ii as well as HLA-DR and CLIP expression
at the plasma membrane for 6 weeks of cell culture by using flow cytometry. Wild-type blasts
exhibited stable expression of Ii, HLA-DR and CLIP during this period (data not shown).
THP-1/Ii-siRNA transductants
Immunofluorescence staining of Ii siRNA-transduced THP-1 (THP-1/Ii-siRNA) blasts showed a
clear reduction in Ii expression level at day 27 (MFI=2.9) and day 42 (MFI=1.4) after transduction,
compared with that of wild-type blasts (MFI=4.5; Figure 3A). At the same time points, decreased
amounts of CLIP were observed on THP-1/Ii-siRNA blasts, as MFI values dropped from 36.2 to
respectively 7.8 and 4.2. Interestingly, in spite of the strong decline in Ii expression, HLA-DR
levels remained relatively constant at the plasma membrane (MFI=36.5 and 27.1). Due to these
different effects of Ii silencing on CLIP and HLA-DR expression, the relative amount of CLIP on
THP-1/Ii-siRNA blasts reduced from 1.24 to 0.56 (±0.03) and 0.42 (±0.06), respectively (Figure 3B).
Kasumi-1/Ii-siRNA transductants
Similar Ii expression decreases were noted in Ii-siRNA-transduced Kasumi-1 (Kasumi-1/Ii-siRNA)
blasts, with MFI values declining from 13.5 to 2.2 at day 35 and 0.9 at day 42 after transduction
(Figure 3C). In contrast to THP-1/Ii-siRNA blasts, Kasumi-1/Ii-siRNA blasts not only displayed
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These data demonstrate that Ii silencing with specific siRNAs affects HLA-DR expression
differently in THP-1 and Kasumi-1 blasts. However, the relative amount of CLIP was strongly
reduced at the plasma membrane and may cause altered HLA class II antigen presentation,
either stable or transient, on Ii-silenced blasts of both cell lines.
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Reduced relative amounts of CLIP on Ii-silenced THP-1 and Kasumi-1 blasts increases their
ability to induce allogeneic CD4+ T cell proliferation
To assess the functional impact of CLIP variation, we tested Ii-silenced THP-1 and Kasumi-1
blasts with reduced relative amounts of CLIP for their ability to induce allogeneic CD4+ T cells
as compared to wild-type blasts. We isolated CD4+ cells from three different healthy donors
and analyzed their proliferative responses to these blasts in MLRs at various stimulator-toresponder ratios.
THP-1/Ii-siRNA transductants
MLRs performed with THP-1/Ii-siRNA blasts (day 42) revealed strong increases in CD4+ T cell
proliferation for donor 1, in a dose-dependent manner (as shown in Figure 4A). This was in
agreement with the decrease in relative amount of CLIP on THP-1/Ii-siRNA blasts at day 42 after
114
transduction (Figure 3B). On the other hand, low proliferative responses were noted in MLRs
114114
+
with THP-1 wild-type blasts and CD4 T cells obtained from the same donor. This resulted in a
maximum mean increase in CD4+ T cell proliferation of 4.5 (±1.0)-fold when comparing the two
experiments of THP-1/Ii-siRNA blasts to those of THP-1 wild-type blasts (Figure 4A). Although
mild alloreactivity of CD4+ T cells from donor 2 and 3 was observed against THP-1 wild-type
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Figure 4. Proliferation assays of allogeneic CD4+ T cells stimulated with CLIP
down-modulated blasts of myeloid leukemia cell lines. The ability of CLIP+ (wildtype) and CLIP- (Ii-silenced) THP-1 blasts (panel A) and Kasumi-1 blasts (panel B)
115
to induce allogeneic CD4+ T cell proliferation was compared in different MLRs. CD4+ T cells were obtained
115were
from three independent healthy donors. Stimulator-to-responder ratios of 1:5, 1:10, 1:20, 1:40 and 1:80
used together with a negative control (only stimulator cells; ‘Neg’). MLRs were carried out in triplicate at
each stimulator-to-responder ratio. MLRs with CD4+ T cells from donor 1 were performed twice (donor 1.1
and 1.2) for both cell lines to confirm reproducibility. In each graph, the days after Ii-siRNA transduction is
noted at which Ii-silenced blasts were tested in the MLR. Results show the means (±SEM) of [3H]-thymidine
incorporation in counts per minute (cpm), as an indicator of CD4+ T cell proliferation.
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blasts, their reactivity against THP-1/Ii-siRNA blasts was increased much more at the highest
stimulator-to-responder ratios (Figure 4A). Importantly, induction of CD4+ T cell proliferation
by THP-1/Ii-siRNA blasts was prevented in the presence of the HLA-DR blocking monoclonal
antibody L243, which confirmed HLA-DR restriction of these proliferative responses in the MLRs.

CLIP- leukemic blasts derived from AML patients are able to stimulate autologous
remission CD4+ T cells in contrast to CLIP+ leukemic blasts
We further evaluated the role of a low relative amount of CLIP in tumor immunogenicity by
using primary leukemic blasts of HLA-DR+ AML patients and CD4+ T cells isolated from the same
patients in complete remission. CLIP- and CLIP+ blasts were flow cytometrically sorted from
primary AML samples and used to stimulate autologous remission CD4+ T cells several times
during culture. For two different patients, we found a strong increase in proliferation rate of
CD4+ T cells that were stimulated with CLIP- sorted blasts (Supplementary Figure S1). CD4+ T cells
from patient 1 already showed high proliferative responses at day 12 (after one re-stimulation)
and the proliferation of CD4+ T cells from patient 2 markedly increased at day 28 (after three
re-stimulations). No increase in proliferation was observed with CD4+ T cells that were equally
stimulated with CLIP+ sorted blasts of the same patient. Pre-treatment of CLIP- sorted blasts
with the HLA-DR blocking monoclonal antibody L243 abolished the ability of blasts to induce
CD4+ T cell proliferation, indicating that the increase in proliferation was restricted to HLA-DR
expression on CLIP- leukemic blasts.
From these experiments, we conclude that the absence of CLIP on leukemic blasts of AML
patients results in increased recognition by autologous remission CD4+ T cells, which may imply
that the relative amount of CLIP is a critical factor for the immunogenicity of leukemic blasts.
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Kasumi-1/Ii-siRNA transductants
In accordance with the MLRs with THP-1/Ii-siRNA blasts (day 42), MLRs performed with Kasumi1/Ii-siRNA blasts (day 35) showed high proliferative responses of CD4+ T cells from donor 1, also
in a dose-dependent manner (Figure 4B). When compared to MLRs with Kasumi-1 wild-type
blasts, a 5.1-fold increase in CD4+ T cell proliferation was found at the highest stimulator-toresponder ratio. However, in MLRs performed with Kasumi-1/Ii-siRNA blasts at day 54 after
transduction, no proliferation was observed of CD4+ T cells obtained from the same donor.
When Kasumi-1/Ii-siRNA blasts at day 35 after transduction were co-cultured in MLRs with CD4+
T cells from donor 3, strong increases with respect to CD4+ T cell proliferation were observed
again, as compared to wild-type blasts (Figure 4B). In addition, MLRs between Kasumi-1/
Ii-siRNA blasts (day 52) and CD4+ T cells from donor 2 showed no induction of proliferation
(Figure 4B), in contrast to THP-1/Ii-siRNA blasts (day 33) and CD4+ T cells from the same donor
(Figure 4A). These results were in line with the total absence of HLA-DR expression observed
on Kasumi-1/Ii-siRNA blasts at day 42 after transduction (Figure 3D).
Overall, in contrast to wild-type blasts, Ii-silenced THP-1 and Kasumi-1 blasts that retained
their HLA-DR expression were able to induce marked allogeneic CD4+ T cell responses in a HLADR-restricted manner, indicating that a reduced relative amount of CLIP on leukemic blasts
leads to an enhancement of tumor immunogenicity.
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The ultimate goal in cancer immunotherapy is to generate effective and long-lasting immune
responses against tumor cells in vivo. In AML, leukemic blasts might have specific characteristics
that allow them to escape immune surveillance. We previously showed that increased HLA
class II-mediated antigen presentation of the self-peptide CLIP on leukemic blasts from AML
patients is significantly associated with a poor clinical outcome. 22 Statistical analysis on an
expanded cohort of newly diagnosed AML patients (n=207) confirmed our finding by showing
that the relative amount of CLIP on leukemic blasts is a strong predictor of DFS (Figure 1A). This
underlines our hypothesis that the presence of CLIP on leukemic blasts acts as an important
immune escape mechanism in these patients after achieving CR. It has already become clear
that the use of modulated leukemic blasts as APCs is an emerging approach to activate the
immune system in AML patients. 27,28 It is, therefore, a challenge to develop immunotherapeutic
strategies that down-modulate the relative amount of CLIP on leukemic blasts, resulting in
enhanced HLA class II antigen presentation and immune recognition.
Immunophenotypic screening of several human myeloid leukemia cell lines revealed large
differences in the relative amount of CLIP (Figure 2A), which is in line with the results from a
study performed by Harris et al. 29 CLIP- KG-1 and ME-1 blasts abundantly expressed HLA-DM
while CLIP+ THP-1 and Kasumi-1 blasts did not (Figure 2A-B), indicating that the catalytic function
of HLA-DM is important for HLA-DR-restricted peptide loading in these cell lines. This agrees
with the association between CLIP/DR and DO/DM expression that was found previously for B
cells,30 as well as leukemic blasts. 22 We observed low levels of HLA-DO expression in the DMlow
THP-1 and Kasumi-1 cell line (Figure 2A), which contrasts with the high expression levels that
were recently demonstrated in two other DMlow leukemia cell lines, the HL-60 and K562.31 The
DMlowDO- immunophenotype of the THP-1 and Kasumi-1 implies an acquired ineffectiveness of
blasts to regulate HLA-DR-restricted peptide loading in the MIICs. Our data on the expression
patterns for KG-1 (early myeloblast; CLIP-DM+DO+), ME-1 (myelomonocyte with eosinophilia;
CLIP-DM+DO-), THP-1 (monocyte; CLIP+DMlowDO-) and Kasumi-1 (late myeloblast; CLIP+DMlowDO-)
blasts further indicate a potential relationship with the degree of maturation. We hypothesize
that, during differentiation, the capability of myeloid blasts to regulate HLA-DR-restricted
peptide loading in the MIICs is impaired and, hence, CLIP expression at the plasma membrane
is increased. This is in contrast with the proposal by Harris et al. that exogenous antigen
processing is a developmentally acquired characteristic for myeloid blasts. 29
Despite the similar immunophenotype displayed by THP-1 and Kasumi-1 blasts (Figure 2), Ii
silencing had different effects on surface expression of HLA-DR (Figure 3B and D). According to
the conventional pathway of HLA class II antigen presentation, Ii is required for the transport of
HLA class II molecules from the ER to the MIICs. In monocytic THP-1 blasts however, we found
that upon silencing of Ii, HLA-DR molecules were still expressed at the plasma membrane. As
Ii also prevents binding of endogenous peptides to newly synthesized HLA class II molecules
in the ER,32 this might indicate that HLA-DR molecules in THP-1/Ii-siRNA blasts are loaded
with endogenous peptides, including leukemia-associated peptides, thereby bypassing the
Ii-dependent routing to the MIICs. This is in agreement with the ability of monocyte-derived
dendritic cells to present endogenous antigens to CD4+ T cells.33 On the other hand, Kasumi-1/
Ii-siRNA blasts exhibited strongly reduced levels of extracellular HLA-DR, resulting in a decrease
of their capacity to stimulate allogeneic CD4+ T cells. Still, during the Ii silencing process, a clear
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decrease in relative amount of CLIP was observed at day 35 after transduction (Figure 3D), which
may allow an altered, although transient, HLA-DR-mediated antigen presentation around these
time points. These results may implicate a difference in Ii dependency of HLA-DR-mediated
antigen presentation between blasts from the monocytic (THP-1) and the granulocytic (Kasumi1) lineage of myeloid differentiation.
We further demonstrated that a low relative amount of CLIP on leukemic blasts resulted
in increased CD4+ T cell induction, both in an allogeneic and autologous setting. THP-1/IisiRNA and Kasumi-1/Ii-siRNA blasts (35 days after transduction) were found to strongly induce
allogeneic CD4+ T cell proliferation (Figure 4A-B), in a manner inversely correlated to their
relative CLIP amounts. These observations are in agreement with those of previous studies,
in which it was shown that HLA class II+ tumor cells lacking Ii expression were able to enhance
tumor-reactive CD4+ T cell activation.18,19 In MLRs performed with CD4+ T cells from donors
2 and 3, some alloreactivity was observed against THP-1 and Kasumi-1 wild-type blasts. The
allogeneic CD4+ T responses to both THP-1/Ii-siRNA and Kasumi-1/Ii-siRNA blasts at day 35 after
transduction were, however, much higher, which indicates that these responses were, at least
partly, peptide-specific.
Recent studies show that alloreactive T cells can indeed specifically react against HLApeptide ligands. 34 In addition, CLIP- leukemic blasts from AML patients were also able to
stimulate proliferation of autologous remission CD4+ T cells, in contrast to CLIP+ leukemic
blasts (Supplementary Figure S1). Because a low relative amount of CLIP is possibly related
to increased tumor peptide presentation, this stimulation of CD4+ T cells might functionally
explain the improved clinical outcome of AML patients with less than 35% of leukemic blasts
expressing CLIP (Figure 1).
Taken together, our study demonstrates that CLIP expression on myeloid leukemic blasts
affects the recognition of blasts by CD4+ T cells and could be a mechanism for escaping from
immune surveillance. We hypothesize that leukemic blasts with a HLA-DR+CLIP- phenotype at
their plasma membrane are able to present endogenous antigens by HLA-DR, thereby evoking
CD4+ T cell induction as observed in our proliferation assays. As the immunological escape of
leukemic blasts is a major obstacle for the development of immunotherapy in AML, molecular
interventions that down-modulate the relative amount of CLIP might be used as an additional
strategy in AML dendritic cell and whole-cell vaccination protocols to activate leukemiaspecific CD4+ T cells.
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Supplementary Appendix
Immunofluorescence staining
Regarding immunofluorescence staining, 1 x 105 cells were pre-incubated with 10% human
gamma-globulin (60 mg/ml; Sanquin) for 10 min. Mouse monoclonal antibodies were added
during 15 min for extracellular and 30 min for intracellular staining of cells. For intracellular
staining, cells were fixed with PBS 1% paraformaldehyde and permeabilized using lysing
solution (BD) for Ii and PBS 0.1% saponin (Sigma-Aldrich) for both HLA-DM and -DO detection.
Intracellular Ii was determined with PIN1.1 followed by a second incubation step of 20 min
with rabbit anti-mouse (RAM) immunoglobulin conjugated to PE (Dako). All incubations
were performed at room temperature and after each incubation step cells were washed twice
with PBS containing 0.1% HSA and 0.05% sodium azide. Cells were assessed on a FACSCalibur
flow cytometer (BD) and analyzed with CellQuest software (BD). In patient samples, myeloid
leukemic blasts were defined by CD45dim/SSClow expression.
Absolute mean fluorescence intensity (MFI) values were determined by using the median
values of all gated cells. We defined CLIP expression as the percentage of CLIP+-stained cells
above isotype control staining. To compare the total number of plasma membrane expressed
HLA-DR molecules occupied by CLIP, the relative amount of CLIP was calculated as previously
reported, 22 using the following formula:
MFI DR
MFI CLIP
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Retrovirus production and transduction
In short, 293T cells (obtained from the Harvard Gene Therapy Institute, Boston, MA) were
plated in 6-cm dishes at 2.3 x 105 cells/ml DMEM (Gibco) supplemented with 10% FBS and
cultured for 20 h at 37°C. After replacing medium with IMDM consisting of 10% FBS, 293T cells
were transfected with 8 mg pSIREN-RetroQ-Ii-siRNA53 plus 6 mg pMD.MLV gag.pol and 2 mg
pMD.G using CaPO4. After approximately 16 h, medium was replaced with DMEM/10% FBS and

93

4

transfected cells were incubated for another 24 h at 37°C. Retrovirus-containing supernatant
was harvested, filtered through a 0.22-mm filter (Millipore) and eventually stored at -80°C. GFP
expression of 293T cells simultaneously transfected with the pEGFP-N1 vector (Clontech, Palo
Alto, CA) was monitored with UV light to evaluate virus titer.
For retroviral transduction, 5 x 105 myeloid leukemic blasts were cultured in 0.5 ml culture
medium per well using 6-well plates. When about 40% confluency was achieved, cells were
washed with PBS and resuspended in 0.5 ml DMEM containing 10% FBS, 4 mg polybrene and 10
mM Hepes (Sigma-Aldrich). Retroviral supernatant was thawed and added drop-wise to reach
a final polybrene concentration of 4 mg/ml per well. Following 6 h incubation, transduced cells
were washed three times with excess PBS and kept in culture medium for three more days
before adding selective drugs. Ii-siRNA53-transduced cells were selected by first adding 0.5 mg/
ml puromycin for 2 weeks and then increasing the dose gradually to a final concentration of 1.0
mg/ml.
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Table S1. Patient characteristics.

Number of patients
Male/female

Total

Patients with
DR+CLIP- blasts

Patients with
DR+CLIP+ blasts

207

138

69

112/95

75/63

37/32

54 (16-82)

55 (16-82)

53 (21-81)

WBC at diagnosis (109/l )

43 (0-388)

40 (0-280)

50 (1-388)

160 (77)

99 (72)

42 (85)

6 (3)

5 (4)

1 (1)

CR rate, number (%)
FAB classification, number (%)
AML M0
AML M1

25 (12)

13 (9)

12 (17)

AML M2

37 (18)

26 (19)

11 (16)

AML M4

33 (16)

27 (20)

6 (9)

AML M5

41 (20)

19 (14)

22 (31)

AML M6

14 (7)

11 (8)

3 (4)

RAEB-t

33 (16)

25 (18)

8 (12)

AML (not otherwise classified)

18 (9)

12 (9)

6 (9)

Cytogenetic risk group, number (%)
Favorable

17 (8)

15 (11)

2 (3)

Standard

126 (61)

78 (57)

48 (69)

Adverse

27 (13)

21 (15)

6 (9)

No metaphases

31 (15)

19 (14)

12 (17)

Not done

6 (3)

5 (4)

1 (1)

CLIP and immunogenicity of leukemic cell lines

Age in years at diagnosis, mean (range)

4

HLA-DR defined as >45% and CLIP defined as >35% of cells positive. Baseline characteristics were not significantly different between DR+CLIP- and DR+CLIP+ patient groups (Mann-Whitney U test). DR, HLA-DR; WBC, white
blood cells; CR, complete remission; FAB, French-American-British; RAEB-t, refractory anemia with excess blasts
in transformation.
+

+
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Immune escape in cancer poses a substantial obstacle to successful cancer immunotherapy.
Multiple defects in HLA class I antigen presentation exist in cancer that may contribute to
immune escape, but less is known about roles for HLA class II antigen presentation. On HLA
class II+ leukemic blasts, the presence of class II-associated invariant chain peptide (CLIP) is
known to be correlated with poor survival in acute myeloid leukemia (AML). In this study, we
evaluated the functional significance of CLIP expression on leukemic blasts of AML patients.
CD4+ T cells from patients were cultured together with autologous CLIP- and CLIP+ primary
leukemic blasts and analyzed for several functional parameters by flow cytometry. Increased
HLA-DR and IFN-g expression was observed for CD4+ T cells stimulated with CLIP- leukemic
blasts, in contrast to CLIP+ leukemic blasts, indicating CD4+ T cell activation and polarization
towards T helper 1 cells. In addition, CLIP- leukemic blasts induced the outgrowth of effector
memory CD4+ T cells (with HLA-DR-restricted TCR Vb repertoires) that were associated with
increased leukemia-specific reactivity as compared with CLIP+ leukemic blasts. Our findings
offer a clinical rationale to down-modulate CLIP on leukemic blasts as a strategy to degrade
immune escape and improve leukemia-specific T cell immunity in AML patients.

Introduction

5
CLIP and immunogenicity of primary leukemic cells

Many approaches instrumental for developing additional immunotherapeutic strategies in the
treatment of cancer patients are currently investigated. These include the ex vivo generation
of autologous T cells that specifically recognize and eradicate tumor cells,1 and loading of
professional antigen-presenting cells (APCs), such as dendritic cells (DCs), with apoptotic
tumor cells to present tumor-associated antigens (TAAs) and activate tumor-specific T cells
in vivo. 2 It is of utmost importance to better understand how target tumor cells interact with
the immune system of patients (immune editing) and which tumor-associated mechanisms
are present that affect immune recognition (immune escape; reviewed in ref. 3), potentially
leading to the onset and progression of the disease.
Especially in solid tumors, but also in acute myeloid leukemia (AML), one of the main
mechanisms of tumor cells to circumvent immune surveillance is T cell suppression. Certain
tumor cells inhibit the effector function of T cells by interacting with negative costimulatory
receptors or expression and secretion of immunosuppressive cytokines.4 To escape from
specific recognition by T cells, many solid tumors not only aberrantly express HLA class I
molecules and components of antigen processing machinery (reviewed in ref. 5), but also lack
HLA class II expression. The absence of TAA presentation by HLA class II molecules prevents
tumor cells from being recognized by CD4+ T cells, which impairs T helper 1 (Th1) cell activation
that is crucial for effective anti-tumor immunity.6;7
In patients with HLA class II- tumors, tumor-specific CD4+ T cells can only be activated by
professional APCs that engulf, process and present exogenous TAAs derived from tumor cells.
Studies to augment HLA class II expression and processing in such tumors showed that tumor
cells can present endogenous TAAs by HLA class II molecules and mount a tumor-specific
CD4+ T cell response.8;9 Moreover, the ability of these tumor cells to activate CD4+ Th1 cells
was strongly enhanced in the absence of the invariant chain (Ii; ref. 10), a chaperone protein
important for HLA class II function.11 Therefore, it is of interest to examine the impact of HLA
class II presentation machinery on the immune escape potential of tumor cells that do express
HLA class II molecules, such as leukemic blasts.
According to the classic HLA class II antigen presentation pathway, newly formed HLA class
II molecules associate with Ii and are transported to specialized lysosomal antigen-loading
compartments (MIICs).12;13 During transport, Ii is cleaved leaving a small remnant bound to the
HLA class II peptide-binding groove, the class II-associated invariant chain peptide (CLIP).14;15
This self-peptide is then exchanged for an antigenic peptide in the MIICs by the peptide
editor HLA-DM,16 and the formed HLA class II/peptide complex is transferred to the plasma
membrane for presentation. In the absence of HLA-DM or the presence of its inhibitor,
HLA-DO,17 peptide exchange in the MIICs does not occur and CLIP is abundantly expressed at
the plasma membrane.18;19
Previously, we described that high CLIP expression on HLA class II+ leukemic blasts negatively
correlated with the clinical outcome of patients with AML. 20;21 In addition, down-modulation of
CLIP on myeloid leukemia cell lines resulted in an increased ability to induce allogeneic CD4+
T cells, 21 suggesting that CLIP on leukemic blasts influences CD4+ T cell recognition in AML
patients. Here, we investigate the functional impact of CLIP on leukemic blasts directly derived
from patients by performing co-cultures with autologous CD4+ T cells. We show differences
in CD4+ T cell activation, Th1 skewing, effector memory differentiation, TCR Vb repertoire
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and leukemia-specific reactivity, which points to a critical role for CLIP in T cell recognition of
leukemic blasts in AML patients.

Materials and Methods

5

Patient selection. Diagnosis of AML was based on the French-American-British (FAB)
criteria. 22 Cytogenetic risk groups were classified as previously reported. 23 AML patients
received induction and consolidation treatment in accordance with HOVON (Dutch-Belgian
Hematology-Oncology Cooperative Group) protocols. To perform primary co-cultures with
autologous CD4+ T cells, we needed to select patients who were in complete remission for at
least 6 months and did not receive an allogeneic stem cell transplantation. Additionally, a large
number of leukemic blasts from the same patients at diagnosis had to be able to stimulate CD4+
T cells, which were screened for high expression of CD40 and HLA-DR using flow cytometry. The
clinical features and immunophenotypic characteristics of leukemic blasts of 8 selected patients
are summarized in Table 1. Selected HLA-DR+ patients revealed differential CLIP expression on
leukemic blasts, which could be functionally explained by the previously shown correlation
between CLIP/HLA-DR and HLA-DO/HLA-DM ratios. 20 In addition, we found no significant
differences in CD40 and CD86 expression between CLIP- and CLIP+ HLA-DR+ AML patients.
Patient samples. We collected bone marrow samples at the time of diagnosis and peripheral
blood samples during remission of the same patients after obtaining informed consent and
according to the Declaration of Helsinki. Mononuclear cell fractions were freshly isolated
by density-gradient centrifugation (Ficoll-PaquePLUS, Amersham Biosciences, Freiburg,
Germany), frozen at -80°C, and stored in liquid nitrogen in RPMI 1640 medium (Gibco, Paisley,

Table 1. Patient characteristics.
AML patient number

1

2

3

4

5

6

7

8

Gender (M/F)

F

M

F

M

F

F

M

M

Age at diagnosis (years)

37

55

56

61

72

70

40

61

WBC at diagnosis (109/l)

110

84

21

20

18

79

56

68

FAB classification

M2

M5

M4

M4

M2

M5

M1

M4

Cytogenetic risk group*

favorable standard adverse favorable standard standard standard standard

Immunophenotype of blasts
CD45dim/SSClow (%)
CD40 (%)
CD86 (%)
HLA-DR (%)
CLIP (%)

89.0

85.7

78.5

18.5

50.1

26.5

51.4

46.8

47.8

77.7

21.0

52.7

84.8

70.8

48.1

76.1
83.3

1.6

11.9

5.4

34.3

35.3

96.5

21.7

94.2

59.1

83.4

99.5

96.1

99.7

89.7

100

1.0

17.6

53.4

13.3

42.7

49.0

76.1

50.9

Immunophenotypic characterization of eight selected AML patients who were in complete remission for at least
6 months and did not receive allogeneic stem cell transplantation. CD40, CD86, HLA-DR and CLIP expression
is shown as the percentage of positive CD45dim/SSClow gated primary leukemic blasts at diagnosis. AML, acute
myeloid leukemia; WBC, white blood cells; FAB, French-American-British; * Groups were classified as previously
described. 23
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UK) supplemented with 20% heat-inactivated FBS (Greiner, Alphen a/d Rijn, The Netherlands)
and 10% dimethylsulphoxide (Merck, Darmstadt, Germany). For use in co-cultures, cells were
rapidly thawed, washed twice in RPMI supplemented with 40% FBS, and resuspended in the
required medium for cell sorting, as described in the following text.

Immunofluorescence staining. Before antibody labeling, 1 x 10 5 cells were incubated with
10% human g-globulin (60 mg/ml; Sanquin) for 10 min. Mouse mAbs were added during 15
min at room temperature (RT). T cell receptor (TCR) Vb repertoires were analyzed using the
IOTest Beta Mark TCR Vb Repertoire kit (Beckman Coulter), consisting of PE-, FITC- or both PEand FITC-conjugated mAbs directed against 24 different TCR Vb families. Before Vb-specific
staining, cells were stained with APC-conjugated CD3 and PerCP-conjugated CD4 mAbs and
washed with PBS containing 0.1% HSA and 0.05% sodium azide.
For cytokine expression, leukemic blast-activated CD4+ T cells were restimulated at days
12 and 20 after activation with PMA (25 ng/ml) and ionomycin (1 mg/ml) for 6 h in culture
medium [RPMI 1640 medium (Gibco, Paisley, UK) supplemented with 10% human AB serum
(ICN Biochemicals, Aurora, OH), 1% penicillin/streptomycin (Sigma-Aldrich, St Louis, MO) and
50 mM 2-ME (Gibco)] at 37°C in a humidified atmosphere containing 5% CO2. To address CD4+
T cell specificity, we used different autologous cells (1:1 ratio) as stimulators instead of PMA/
ionomycin. After 2 h of stimulation, cells were incubated with brefeldin A (10 mg/ml), fixed with
PBS 1% paraformaldehyde, permeabilized with PBS 0.1% saponin (Sigma-Aldrich) and stained
with anti-cytokine mAbs (30 min at RT).
Stained cells were washed with PBS containing 0.1% HSA and 0.05% sodium azide and
evaluated by a FACSCalibur flow cytometer (BD). Flow cytometric analysis was performed
with CellQuest software (BD). Myeloid blasts were defined as side scatter (SSC) low, CD45
intermediate; 24 the percentage of positive cells was determined compared to PBS controls.
Mean fluorescence intensity (MFI) was defined by the mean value of positive cells above that of
the negative cell fraction. The following formula was used to calculate relative expression: (% of
positively stained cells/100) x MFI of positively stained cells.

5
CLIP and immunogenicity of primary leukemic cells

Antibodies. The mouse monoclonal antibodies (mAbs) used for flow cytometry included PEconjugated CD25 (Dako, Glostrup, Denmark), CD27 (Beckton Dickinson (BD), San Jose, CA),
CD40 (Beckman Coulter, San Diego, CA), anti-CLIP (clone cerCLIP.1; Santa Cruz Biotechnology,
Santa Cruz, CA), anti-IFN-g and anti-IL-4 (both BD); FITC-conjugated CD28 (Dako), CD45RA
(Sanquin, Amsterdam, The Netherlands), CD45RO (Dako), CD4, CD14, CD86, anti-HLA-DR
(clone L243) and anti-IFN-g; APC-conjugated CD3; PerCP-conjugated CD45; and 7-aminoactinomycin D (7AAD; Via-Probe, all BD). Anti-HLA-DR blocking mAb L243 was prepared from
supernatants of the HB-55 hybridoma (ATCC, Teddington, UK).

Cell sorting of primary leukemic blasts and CD4+ T cells. To select CLIP- and CLIP+ primary
myeloid leukemic blasts, thawed mononuclear cells from patients with de novo AML were
resuspended in PBS 0.1% HSA, pre-incubated with 10% human g-globulin for 10 min and then
stained with sterile-filtered PerCP-conjugated CD45 (BD) and PE-conjugated anti-CLIP (Santa
Cruz Biotechnology) mAbs for 15 min on ice. After washing with PBS 0.1% HSA, stained cells were
analyzed and sorted for CLIP- and, if present, CLIP+ cells within the CD45dim/SSClow population by
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using a FACSAria flow cytometer (BD). The viability of the sorted cell fractions was confirmed by
trypan blue dye exclusion (>90%). Sorted cells were washed twice in PBS and used immediately
for culture experiments. The remaining cell fractions were frozen in several aliquots for later use.
For the isolation of CD4+ T cells, we thawed mononuclear cells obtained from peripheral
blood samples of patients in remission, as described earlier in the text, and selected CD14-CD4+
cells with anti-CD14 and anti-CD4 microbeads by magnetic cell separation (MACS; Miltenyi
Biotec, Bergisch Gladbach, Germany) according to the manufacturer’s instructions. The purity
of cells that were negatively selected for CD14 and positively selected for CD4 exceeded 95%, as
determined by flow cytometric analyses (data not shown). Depleted CD14+ cell fractions were
frozen and stored in liquid nitrogen.
Autologous co-cultures. Flow cytometrically sorted leukemic blasts were irradiated (30 Gy)
and added to 2.5 - 5 x 105 remission CD4+ T cells of the same patient at a stimulator-to-responder
ratio of 1:1 in culture medium supplemented with IL-7 (10 ng/ml; Miltenyi Biotec). CD4+ T cells
were cultured with irradiated autologous blasts for 3 weeks at 37°C in a humidified atmosphere
containing 5% CO2. To examine HLA-DR restriction of the CD4+ T cell responses, we used CLIP-sorted leukemic blasts pre-treated with the anti-HLA-DR blocking antibody L243 (ref 25; 9.2 mg/
ml) at the start of culture. Following 1 week of stimulation, CD4+ T cells were re-stimulated with
the same irradiated and sorted blasts (1:1 ratio) and cultured again in fresh medium. IL-2 (50 U/
ml; Miltenyi Biotec) was added 2 days after each round of stimulation. Samples were taken from
co-cultures on the same day to investigate functional parameters indicative for T cell function
by flow cytometry.
Functional analyses. Paired t tests were used to compare IFN-g and IL-4 expression in CD4+ T
cells between co-cultures of patients. Only CD4+ T cells that received two or more rounds of
stimulation with leukemic blasts were used for statistical analysis. For assessment of TCR Vb
repertoires, a given TCR Vb family was interpreted as positive when Vb expression was enhanced
at least 20% after stimulation with leukemic blasts, as compared to unstimulated CD4+ T cells,
and greater than two times the standard deviation over the average for healthy controls.

Results
Establishment of CLIP- and CLIP+ co-cultures from the same AML patients. We analyzed
the functional impact of CLIP on primary leukemic blasts by performing co-cultures of CD4+ T
cells with autologous CLIP- and CLIP+ leukemic blasts from 8 different AML patients, who were
selected as described in Materials and Methods and shown in Table 1. In all cases, we could
flow cytometrically sort CLIP- primary leukemic blasts for at least two rounds of stimulation of
autologous CD4+ T cells. For patient 1, too few viable CD4+ T cells were left after co-culture with
CLIP- leukemic blasts to do functional analyses. For patient 1 and 2, it was technically impossible
to acquire sufficient amounts of CLIP+ leukemic blasts to stimulate CD4+ T cells, as the majority
of leukemic blasts were negative for CLIP (Table 1). For patients 3-8, it was possible to study the
influence of both CLIP- and CLIP+ leukemic blasts on CD4+ T cells after equal rounds of stimulation.
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CLIP- primary leukemic blasts prime CD4+ T cells toward a T helper 1 phenotype in contrast
to CLIP+ primary leukemic blasts. For effective anti-tumor T cell immunity, it is necessary that
CD4+ T cells are activated and differentiate into Th1 cells, which augment tumor-specific CTL
responses by triggering APCs or secreting IFN-g. 26 Therefore, we next examined whether CLIP
on primary leukemic blasts had an effect on Th1 and Th2 skewing of autologous CD4+ T cells.
CLIP- leukemic blasts induced significant IFN-g production in CD4+ T cells compared to
unstimulated CD4+ T cells (p=0.0465; Figure 2A). This induction was HLA-DR-dependent,
since L243 treatment of these blasts prior to stimulation abrogated the effect. No significant
increases in IL-4 were encountered. CD4+ T cells that received equal rounds of stimulation with
CLIP+ leukemic blasts hardly produced IFN-g, in accordance with unstimulated CD4+ T cells
(Figure 2B). IFN-g expression between CD4+ T cells of CLIP- and CLIP+ co-cultures was significantly
different (p=0.0477), in contrast to IL-4 (Figure 2B). Interestingly, in addition to a decrease in
IFN-g+ T cell number, an increased amount of IL-4+ CD4+ T cells was found in CLIP+ compared to
CLIP- co-cultures from patient 6 and 8 (Supplementary Figure S1).
Overall, for 7 out of 8 AML patients, CLIP- leukemic blasts induced IFN-g expression in
autologous CD4+ T cells, demonstrating polarization toward a Th1 phenotype. Moreover,
for all AML patients tested, CLIP+ leukemic blasts were not able to significantly enhance
IFN-g levels, which indicates that absent CLIP expression on primary leukemic blasts boosts
Th1 differentiation.

5
CLIP and immunogenicity of primary leukemic cells

CLIP- leukemic blasts activate CD4+ T cells more efficiently than CLIP+ leukemic blasts
from the same patient. To examine the capability of CLIP- and CLIP+ primary leukemic blasts
to activate autologous CD4+ T cells, we assessed CD4+ T cells from different co-cultures for
expression of HLA-DR and CD25, two common activation markers.
As indicated for patient 3, HLA-DR and CD25 expression levels were strongly increased
on CD4+ T cells after three rounds of stimulation with CLIP- leukemic blasts, as compared to
unstimulated CD4+ T cells (day 20; Figure 1A and B). For patient 4, CD4+ T cells from CLIP- cocultures revealed a similar increase in expression, which was already observed after two rounds
of stimulation with CLIP- leukemic blasts (day 12; Figure 1B). In CLIP+ co-cultures, the expression
of HLA-DR and CD25 on CD4+ T cells were reduced compared with CLIP- co-cultures (Figure 1A
and C), demonstrating that CLIP on leukemic blasts affects CD4+ T cell activation. To investigate
if CD4+ T cell activation by CLIP- leukemic blasts was HLA-DR restricted, we blocked HLA-DR
expression on these blasts with the L243 mAb. Stimulation with L243-treated CLIP- leukemic
blasts resulted in decreased CD25 expression on CD4+ T cells compared to CLIP- co-cultures
without co-incubation with L243 (Figure 1B and D). For patients 6 and 7, we found additional
increases in HLA-DR-restricted CD4+ T cell proliferation during CLIP- co-cultures, in contrast to
CLIP+ co-cultures and controls, as recently reported. 21 One patient (patient 8) showed excessive
spontaneous proliferation of CD4+ T cells in culture (data not shown), which possibly explains
the aberrant activation differences between CLIP- and CLIP+ co-cultures for this patient only
(Figure 1C).
To conclude, for 5 out of 6 AML patients, CD4+ T cells were generally more activated in cultures
with CLIP- leukemic blasts than in cultures with CLIP+ leukemic blasts, indicating that the presence
of CLIP on primary leukemic blasts negatively influences autologous CD4+ T cell priming.
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Figure 1

AA

Patient 3
-

5

CLIP-

CLIP+

6%

37%

10%

28%

63%

27%

D

BB

CC

Patient 3

Patient 4

Patients 3-8

D

Patients 3-8

Figure 1. CD4+ T cell activation following stimulation with autologous CLIP- and CLIP+ primary leukemic
blasts. (A) Flow cytometric analysis of HLA-DR and CD25 expression on unstimulated CD4+ T cells (‘-‘) and
CD4+ T cells stimulated with three rounds of autologous CLIP-CD45dim or CLIP+CD45dim leukemic blasts. (B)
MFI of CD25 expression on CD4+ T cells following two (day 12) and three (day 20) rounds of stimulation
with untreated and L243-treated autologous CLIP- leukemic blasts. (C and D) Patients analyzed for HLA-DR
and CD25 expression (%) on CD4+ T cells stimulated with equal rounds of CLIP-, L243-treated CLIP- or CLIP+
leukemic blasts. HLA-DR (%): ‘CLIP- vs CLIP+’, p=0.13; CD25 (%): ‘CLIP- vs CLIP+’, p=0.10; ‘CLIP-‘ vs ‘CLIP- +
L243’, p=0.035 (paired t tests). When CLIP+ co-cultures were compared with CLIP- co-cultures, only patient
8 showed an increase in the percentage of positive cells.
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Figure 2
A

Patients 2-8

5

Patients 4-8

CLIP and immunogenicity of primary leukemic cells

BB

Figure 2. The role of CLIP on primary leukemic blasts in CD4+ T helper 1/T helper 2 skewing. Th1 and Th2
polarization of CD4+ T cells in CLIP- and CLIP+ co-cultures of the same AML patients. After PMA/ionomycin
restimulation, CD3+CD4+ cells were analyzed at the same day of culture for intracellular IFN-g and IL-4
expression by flow cytometry. The relative expression was defined as described in Materials and Methods.
(A) IFN-g and IL-4 expression in CD4+ T cells cultured alone or with autologous CLIP- or L243-treated
CLIP- leukemic blasts. (B) IFN-g and IL-4 expression in CD4+ T cells cultured with autologous CLIP- or CLIP+
leukemic blasts.
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Highly activated CD4+ T cells in CLIP- co-cultures have an increased effector memory
phenotype as compared to CD4+ T cells in CLIP+ co-cultures. As CD4+ T effector memory
Figure 3
cells are critical for long-term immune protection against tumor growth, 27 we studied if the
presence of CLIP on primary leukemic blasts was associated with changes in CD4+ T cell memory
+
large difference
in
phenotype. This was analyzed for patients
Patient 3 whose CD4 T cells revealed a Patient
4
+
activation following stimulation with CLIP and CLIP leukemic blasts (n=4; Figure 1C).
For patients 3 and 4, an increased amount of CD4+ T cells led to an effector memory (CD27CD45RA-) phenotype in CLIP- co-cultures as compared to control cultures (25% and 40% versus
9% and 14%, respectively; Figure 3). This increase was HLA-DR restricted, as it was abolished
by stimulation with L243-treated CLIP- leukemic blasts (data not shown), and accompanied by
a decreased percentage of naive (CD27+/CD45RA+) and central memory (CD27+/CD45RA-) cells
(Figure 3). In CLIP+ co-cultures, we observed a reduced percentage of effector memory cells
(12% and 3%, respectively), whereas the percentage of naive and central memory cells was
enhanced. For patients 6 and 7, despite the high effector memory and low naive and central
Patient 6
Patient 7
memory cell numbers in control cultures, similar differences in memory phenotype were
+
seen between CLIP and CLIP co-cultures (Figure 3). These data were confirmed by CD27 and
CD45RO expression analyses (data not shown).
Thus, for all AML patients tested, the activation of autologous CD4+ T cells in CLIPco-cultures caused enhanced differentiation of naive and/or central memory cells into effector
memory cells, as compared to CLIP+ co-cultures. This implicates that the ability of primary
Figure
3
leukemic
blasts to generate effector CD4+ T cells involves the expression of CLIP.
Patient 3

Patient 4

Patient 6

Patient 7

Figure 3. Increases in effector memory phenotype of highly activated CD4+ T cells in CLIP- compared
to CLIP+ co-cultures. Percentages of naive (N; CD45RA+CD27+), central memory (CM; CD45RA-CD27+) and
effector memory (EM; CD45RA-CD27-) CD4+ T cells in different co-cultures of AML patients, as determined
by flow cytometry. Patients showing the largest increases in CD4+ T cell activation between CLIP- and CLIP+
were assessed. CD4+ T cells received equal rounds of stimulation.
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CD4+ T cells stimulated with CLIP- primary leukemic blasts reveal leukemia-specific
reactivity in contrast to those stimulated with CLIP+ primary leukemic blasts. To further
examine leukemia specificity, we evaluated if the well-expanding ‘CLIP- primed’ CD4+ T cells
from patient 6 could detect antigens presented by other autologous APCs.
CD4+ T cells from CLIP- and CLIP+ co-cultures were studied for IFN-g expression after
restimulation with autologous non-malignant monocytes or CLIP- primary leukemic blasts.
An almost 2-fold reduction in IFN-g expression was observed in ‘CLIP- primed’ CD4+ T cells
restimulated with non-malignant monocytes compared to those restimulated with CLIPleukemic blasts (Figure 5A). This difference was not found for ‘CLIP+ primed’ CD4+ T cells,
confirming that recognition of CLIP- leukemic blasts by these CD4+ T cells is determined by
specific priming. As another control, similar experiments for the spontaneously outgrowing
CD4+ T cells from patient 8 showed hardly any recognition of CLIP- leukemic blasts or nonmalignant monocytes (Figure 5A).
To evaluate whether the recognition of primary leukemic blasts by ‘CLIP- primed’ CD4+ T
cells of patient 6 was dependent on CLIP expression, we compared the ability of these CD4+ T
cells to recognize autologous CLIP- or CLIP+ leukemic blasts. Restimulation with CLIP- leukemic
blasts clearly induced IFN-g expression in ‘CLIP- primed’ CD4+ T cells, in contrast to restimulation
with CLIP+ leukemic blasts (Figure 5B). This shows that the expansion of ‘CLIP- primed’ CD4+ T
cells is antigen-specific and relies on a CLIP-negative background.
Taken together, these data indicate that CD4+ T cell priming by CLIP- leukemic blasts can
result in increased leukemia-specific reactivity, demonstrating the potential relevance of CLIP
expression on primary leukemic blasts in the induction of an effective leukemia-specific CD4+
T cell response.

5
CLIP and immunogenicity of primary leukemic cells

CLIP- primary leukemic blasts activate distinct subsets of HLA-DR-restricted CD4+ T cells in
comparison with CLIP+ primary leukemic blasts. To provide evidence that CLIP- leukemic blasts
can present leukemia-associated antigens (LAAs) and thus activate distinct antigen-specific
CD4+ T cell subsets, we studied the relation of CLIP on primary leukemic blasts and TCR Vb
repertoires of outgrowing CD4+ T cells. The well-expanding CD4+ T cell populations of patients
6, 7 and 8 were compared for presence of 24 different TCR Vb families after three rounds of
stimulation with CLIP- or CLIP+ leukemic blasts by flow cytometry.
We detected six TCR Vb families for patient 6 and ten TCR Vb families for patient 8 that were
strongly expanded in cultures of CD4+ T cells stimulated with CLIP- leukemic blasts as compared to
unstimulated CD4+ T cells and healthy controls. (Figure 4A and B). Four and two of these families,
respectively, were exclusively expanded by CLIP- and not by CLIP+ leukemic blasts. Most CLIPspecific TCR Vb families did not expand in the L243 CLIP- co-cultures (Figure 4C), demonstrating
that activation was primarily restricted to HLA-DR. The activation of all TCR Vb families equally
present in CLIP- and CLIP+ co-cultures was not HLA-DR restricted. For patient 8, no differences
in TCR Vb expression were found between CD4+ T cells from CLIP- and CLIP+ co-cultures (data
not shown), consistent with the earlier described strong spontaneous CD4+ T cell proliferation.
In conclusion, for 2 out of 3 AML patients, we reveal that CLIP- leukemic blasts activate
specific subsets of HLA-DR-restricted CD4+ T cells that are not activated by CLIP+ leukemic
blasts. These results show that CLIP on primary leukemic blasts interferes with expansion of
antigen-specific CD4+ T cells, and thus may prevent activation of leukemia-reactive CD4+ T cells.
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Figure 4. TCR Vb CD4+ T cell expansion in long-term cultures with CLIP- and CLIP+ primary leukemic
blasts. TCR Vb analyses were performed for well-expanding CD4+ T cells in culture with autologous CLIPand CLIP+ primary leukemic blasts (panel A and B). The positive TCR Vb families of CLIP- co-cultures that
were present (rectangles) or absent (circles) in corresponding CLIP+ co-cultures are highlighted. To assess
HLA-DR restriction, we analyzed the presence of positive families in co-cultures with L243-treated CLIPleukemic blasts (panel C).

Discussion
Impaired T cell recognition of tumor cells is an essential issue to address in translational
cancer research, since it could not only explain disease progression, but also provide new
immunotherapeutic targets to induce effective anti-tumor immunity. In AML patients, this
may be a pathologic event, as T cells constantly encounter leukemic blasts in the peripheral
blood without the ability to control or eradicate the disease. Recent studies have shown that
the number of peripheral blood T cells is increased at diagnosis, 28 but that, despite the excess
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of leukemic blasts as APCs, these cells are not fully activated. 29 This suggests that patients
induce an immune response, but lack leukemia-specific T cells as a result of mechanisms used
by leukemic blasts that prevent activation. In this study, we demonstrate that one of these
mechanisms could be the expression of CLIP, a self-peptide known to be presented by HLA
class II molecules instead of antigenic peptides to CD4+ T cells.
Co-culture experiments using cells from the same AML patients were carried out in a
setting that might be representative for the in vivo situation. In this way, we also minimized
the influence of interpatient variability, a feature commonly observed in AML. To acquire
autologous CD4+ T cells, we had to select AML patients who were still in complete remission.
This restricted the number of cases that could be assessed, as CLIP expression in patients with
prolonged remission is generally low at diagnosis in contrast to early-relapsing patients. 20
For patients whose CD4+ T cells could be primed with CLIP- and CLIP+ leukemic blasts, strong
differences in T cell function were found, caused by either a direct or indirect effect of CLIP.
For most patients, CLIP+ leukemic blasts were less able to activate CD4+ T cells during cocultures (Figure 1C). This points to a direct role for CLIP in the induction of aberrant T cell
activation pathways, which were recently found in AML T cells that lacked the ability to form
immunologic synapses after conjugation with leukemic blasts. 28 Interestingly, for patient 6
and 7, CD25 expression on CD4+ T cells remained relatively high after stimulation with CLIP+
leukemic blasts, which might represent CD25high regulatory T cells (Tregs). In agreement
with this, CLIP+-restricted CD4+ T cell priming was seen for both patients, as TCR Vβ families
3 and 17 were markedly expanded in CLIP+, but not in CLIP- co-cultures, respectively (Figure
4). Self-peptides can indeed promote Treg expansion,30 and a role for CLIP in this context
has been proposed.31 Also, Tregs are highly prevalent in patients with untreated AML,32 but
further investigation is needed to confirm this association. Although expression levels of
IL-4 were relatively low compared to IFN-g, for some patients, CLIP+ leukemic blasts seemed
to stimulate IL-4+ Th2 cells more efficiently than CLIP- leukemic blasts (Supplementary Figure
S1). This suggests that high expression of CLIP together with CD86 (patient 6 and 8; Table 1)

CLIP and immunogenicity of primary leukemic cells

Figure 5. Leukemia-specific reactivity of highly activated CD4+ T cells primed by CLIP- primary leukemic
blasts. CD4+ T cells from long-term CLIP- and CLIP+ co-cultures (day 28) were restimulated with autologous
CLIP- primary leukemic blasts and analyzed for intracellular IFN-g expression by flow cytometry. Results
were compared to restimulation with autologous non-malignant monocytes (A) or CLIP+ primary leukemic
blasts (B). The relative expression was defined as described in Materials and Methods and, in panel A,
normalized to that of CD4+ T cells restimulated with PMA/ionomycin in the same co-culture.
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contributes to a tumor-protective Th2 immune response, in line with the findings of Rohn et
al. for maturing DCs.33 In AML, CLIP may therefore be involved in the correlation of CD86 with
hyperleukocytosis and the capacity of CD86-positive leukemic blasts to boost Treg- or Th2related cytokine production. 34
Another possibility is that CLIP on leukemic blasts indirectly affects CD4+ T cell function.
In the absence of CLIP, we observed increases in T cell activation, Th1 skewing and effector
memory differentiation (Figures 1-3). HLA-DR-specific blocking on leukemic blasts abrogated
these effects, which points to the involvement of a contact-dependent mechanism in
which peptides other than CLIP are recognized and cause an effective CD4+ T cell response.
Because not only the amount of naive cells, but also of central memory cells was lowered in
CLIP- co-cultures (Figure 3), CD4+ T cells from patients in remission probably have already
encountered these immunogenic peptides at disease onset. Earlier studies reported that the
precursor of CLIP, Ii, blocks loading of endogenous peptides onto HLA class II molecules in the
ER,35-37 thereby preventing peptide loading until the MIICs are reached for exchange of CLIP
with exogenous peptides. Thus, Ii has an important role in discriminating HLA class I and IImediated presentation of endogenous and exogenous peptides, respectively. 38 On the basis
of these findings, it is likely that in CLIP- leukemic blasts, HLA class II complexes are loaded
with endogenous peptides for presentation to CD4+ T cells. A CLIP- myeloid leukemia cell line,
KG-1, was already shown to present HLA-DR molecules occupied with endogenous rather
than exogenous peptides. 39 Recently, we extended this by showing that contrary to CLIP+
leukemic blasts, CLIP- KG-1 blasts present such peptides via a proteasome- and TAP-dependent
pathway.40 The current study indicates that this type of processing in CLIP- primary leukemic
blasts may lead to activation of specific subsets of HLA-DR-restricted CD4+ T cells (Figure 4)
with leukemia-specific reactivity (Figure 5). Collectively, these data support our hypothesis that
the absence of CLIP on leukemic blasts is critical for endogenous LAA presentation and the
induction of a leukemia-specific T cell response, resulting in prolonged disease-free survival of
CLIP- AML patients. 20;21
Until now, little was known about the functional consequences of CLIP on HLA class
II-bearing tumor cells. Here, we reveal that the presence of CLIP on leukemic blasts of AML
patients interferes with optimal activation of leukemia-reactive CD4+ T cells. This deserves
more attention in the development of immunotherapy for patients with such tumors. Current
immunotherapeutic strategies are based on the delivery of optimal DCs or T cells to boost the
immune system of patients against tumor cells. In AML, we now demonstrate that CLIP can
also be detrimental for the recognition of primary leukemic blasts, indicating that priming
or delivery of leukemia-specific T cells by such strategies, respectively, might not be enough
for the generation of antileukemic immunity in vivo. CLIP+ leukemic blasts also have to be
recognized well by leukemia-specific T cells via presentation of endogenous LAAs instead of
CLIP, which otherwise leads to tumor immune escape and outgrowth. Recent studies report
that gene expression of the two main processors of endogenous antigens, the proteasome
and TAP, can be increased in tumor cells by using histone deacetylase inhibitors (HDACi).41
Furthermore, preliminary experiments in our laboratory showed strongly reduced CLIP
levels on leukemic blasts of AML patients after treatment with the clinically applicable HDACi
suberoylanilide hydroxamic acid (SAHA). Therefore, we propose that CLIP down-modulation
by pharmacological agents may serve as a promising strategy to enhance endogenous LAA
presentation on primary leukemic blasts in vivo, leading to improved immunotherapy in AML.
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Figure S1. IFN-g and IL-4 production in CD4+ T cells after priming with autologous CLIP- and CLIP+
primary leukemic blasts. Flow cytometric analysis of intracellular IFN-g and IL-4 expression by CLIPprimed and CLIP+ primed CD4+ T cells from patients 6 and 8. Cells were collected at the same day of culture
and restimulated with PMA/ionomycin. Expression is indicated as the percentage of positive cells.
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The presence of minimal residual disease (MRD) is highly predictive for relapse of acute
myeloid leukemia (AML). Impaired immunogenicity of low frequency MRD cells might play an
important role in relapse of leukemia, for instance due to presentation of class II-associated
invariant chain peptide (CLIP). To investigate this hypothesis, we determined the leukemiaassociated phenotype (LAP) at diagnosis using flow cytometry, during follow-up and shortly
before relapse, and evaluated CLIP and HLA-DR expression on LAP+ cells. The presence of a LAP
as well as the expression of CLIP on LAP+ cells were significantly more prevalent in relapsing
than in non-relapsing AML. Importantly, in MRD-negative AML patients, high CLIP expression
on LAP+ cells was predictive for a shorter relapse-free survival. This shows that analysis of CLIP
expression on LAP+ cells during follow-up might be of additional value in the evaluation of MRD
to predict relapse of AML.

Introduction

Materials and Methods
Blood and bone marrow samples from 36 AML patients were collected between 2001 and
2010. Patients with promyelocytic leukemia (which are HLA-DR-negative) and AML without a
LAP were excluded from the present study. Informed consent was obtained from all patients
in accordance with the Declaration of Helsinki. Patients received chemotherapy according to
the protocols from the Dutch-Belgian Hematology-Oncology Cooperative Group (HOVON;
www.hovon.nl). The presence of a LAP was determined as previously described.1 In short, for
AML patients, a panel of different monoclonal antibodies (mAb) was used to define a LAP on
leukemic cells at diagnosis. During follow-up, at least 1 x 106 bone marrow-derived WBCs were
labeled with the LAP-defining mAb, combined with a primitive marker (PM; i.e., CD34 and/or
CD117), CD45 and anti-CLIP or anti-HLA-DR mAbs (summarized in Supplementary Table S1);
the used mAb and procedures for staining and analyses are described earlier.1;6 First, the total
WBC compartment were characterized by CD45 expression and forward light scatter (FSC).
Next, aberrancies were analyzed on de novo primitive marker-positive (PM+) cells with a low
to intermediate side scatter (SSC). The maximal sensitivity of LAP+ cells was 0.01% (i.e., 1 x 102
positive cells out of a total of 1x106 cells); presence of 0.14% or more LAP+ cells (corrected for
percentage LAP+ cells at diagnosis)1 was considered as MRD-positive, while presence of 0.010.14% LAP+ cells was regarded as LAP+ but MRD-negative. The frequency of CLIP-positive cells
within the LAP+ population was determined as indicated in Supplementary Figure S1. We used
a 35% cut-off to discriminate between patients with CLIPhigh and CLIPlow expression.6 Relative
CLIP expression was determined by calculating the ratio between CLIP and HLA-DR expression

6
CLIP and minimal residual disease in AML

In acute myeloid leukemia (AML), an arrest in differentiation due to acquired mutations of
hematopoietic (stem) cells results in excessive proliferation and accumulation of immature
cells. Although high-dose chemotherapy effectively reduces the tumor burden in most
AML cases, some leukemic cells survive treatment and cause a relapse. Presence of aberrant
immunophenotypic markers on malignant cells, the so-called leukemia-associated phenotype
(LAP), provides a powerful tool to monitor minimal residual disease (MRD) in patients.1 By
flow cytometric identification of LAP+ cells information is gained about MRD frequency in
the bone marrow, which serves as a highly reliable predictor of relapse free survival (RFS) and
overall survival (OS) after chemotherapy.1;2 One possible mechanism for the outgrowth of
residual leukemic cells is their escape from immune surveillance due to the acquisition of a
non-immunogenic phenotype. During immune surveillance, the presence of the MHC class
II-associated molecule HLA-DR on antigen-presenting cells is critical for optimal anti-leukemic
immunity by inducing a T helper cell response. To enable presentation of antigenic peptides,
HLA-DR molecules should release class II-associated invariant chain peptide (CLIP) from
their antigen-binding groove. 3;4 Previously, we showed that high CLIP expression on primary
leukemic cells interferes with effector T helper cell activation,5 indicating that it may serve as
an immune escape mechanism in AML. Additionally, high CLIP expression on leukemic cells
(>35%) at diagnosis is associated with a shortened disease-free survival (DFS) and high risk of
relapse.6;7 Here, we investigate the role of CLIP expression on LAP+ cells at diagnosis and during
follow-up in AML.
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based on both the percentage and mean fluorescence intensity, as described previously.6
Relapse free survival (RFS) was defined as the interval between the date of complete remission
(CR) and relapse (respectively <5% and ≥5% leukemic cells in the bone marrow, as determined
by cytomorphology). For survival data analysis, Kaplan Meier curves were compared by means
of a log-rank test; Cox univariate linear regression analysis was performed to evaluate the
predictive value of LAP and CLIP percentages. The Mann-Whitney U (MWU) tests was used to
compare relapsing and non-relapsing AML patient groups; p<0.05 was considered significant.
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Results and Discussion
Presence of MRD has previously been associated with poor prognosis and early relapse in
AML.1 Therefore, we first confirmed the clinical impact of MRD frequencies in our cohort of
patients with AML. The presence of MRD (≥0.14% LAP+ cells) was largely discriminative for the
occurrence of a relapse; all of 12 patients with MRD experienced a relapse (median time to
relapse: 6 months; range 3-46 months) compared to 8/24 patients without MRD (p<0.001; data
not shown). The median frequency of LAP+ cells in relapsing patients was 0.22% (range 0.013.1%) compared to 0.02% (range 0.01-0.09%) in patients who remained in continuous remission
(p<0.001, Supplementary Figure S2; median follow-up time in non-relapsing group: 46 months,
range 8-108 months).
Subsequently, we assessed the role of CLIP expression on LAP+ cells regarding relapse
occurrence. We were able to evaluate CLIP on LAP+ cells during follow-up for 24 patients; 14
experienced a relapse, while 10 remained in continuous remission (Figure 1). Patients who
relapsed showed a significantly higher CLIP expression compared to patients who remained in
continuous CR (p=0.01 [MWU]; Figure 2A). The percentage of LAP+ cells as well as the percentage
of CLIP+ cells within the LAP+ population significantly predicted the occurrence of a relapse
(p=0.025 and p=0.038, respectively [Cox univariate regression]; data not shown). Furthermore,
CLIPhigh expression was negatively associated with RFS (p=0.02 [log-rank]; Figure 2B). Due to
the low availability of AML patients analyzed for CLIP during follow-up, no multivariate analysis
could be performed. We found no significant differences in WBC counts, percentages of blasts
in the bone marrow and cytogenetic risk scores at diagnosis between CLIPhigh and CLIPlow
patients. Although WBC counts and percentages of blasts at diagnosis were slightly lower in
AML patients with CLIP+LAP+ cells, no significant differences between the MRD+ and LAP+MRD(0.01%-0.14%) group of patients were observed.
In the LAP+MRD- group of patients, a minority of patients experienced a relapse (6 out of
16 cases). Interestingly, those 6 relapsing patients showed a high CLIP-expression on LAP+ cells
(p=0.02 [MWU]; Figure 2C); as such the presence of CLIPhighLAP+ cells was significantly associated
with a shortened RFS in these MRD-negative cases (p=0.048 [log rank]; Figure 2D). Recently,
we showed that the presence of CLIP on leukemic cells from HLA-DR+ AML patients prevents
activation of autologous leukemia-reactive CD4+ T cells,5 indicating that HLA-DR-mediated
CLIP presentation might be an immune escape mechanism of leukemic cells. In addition,
in concordance with CLIP as a sole marker, the CLIP/DR expression ratio is of importance in
predicting RFS for de novo AML.7 When analyzed during follow-up, we found that the CLIP/DR
ratio on LAP+ cells was significantly increased in relapsing patients as compared to non-relapsing
patients (p=0.03 [MWU]; Figure 2E). Furthermore, cases with a high CLIP/DR ratio (cut-off 0.05)
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showed a trend towards a shortened RFS (p=0.06 [log-rank]; Figure 2F). No correlation was
found between CLIP expression during follow-up and CLIP expression in de novo AML; from 10
patients with CLIPhighLAP+ cells during follow-up, 6 patients showed low CLIP, while 4 patients
had high CLIP expression at diagnosis (data not shown). This suggests that for AML cases with
CLIPlow expression at diagnosis, but CLIPhigh expression at relapse, either a small number of CLIP+
cells preferentially survives induction and post-remission treatment or residual leukemic cells
gain CLIP expression during follow-up.
In conclusion, the data presented here demonstrate the impact of CLIP analysis on LAP+
cells in AML patients who are regarded as MRD-negative (0.01-0.14% LAP+ cells). Besides its
additional value in MRD assessment, the expression of CLIP on LAP+ cells may represent a
target for down-modulation to boost the immunogenicity of residual leukemic cells during
immunotherapy in AML.
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Figure 2. Association of CLIP and HLA-DR expression on LAP-positive cells with RFS. The percentage
of CLIP on LAP+ cells in relapsing and non-relapsing patients (A) and the impact on RFS using a previously
defined cut-off of 35% (B).6 The percentage of CLIP on LAP+ cells in relapsing and in non-relapsing patients
with 0.01-0.14% LAP+PM+ cells, thus considered MRD- (C) and the impact on RFS (D). CLIP/DR ratios,
as calculated by % CLIP / % HLA-DR x the mean fluorescence of CLIP / mean fluorescence of HLA-DR,
analyzed on LAP+PM+ cells in relapsing and non-relapsing patients for their role in (E) relapse occurrence
and (F) RFS using a cut-off of 0.05 for relative CLIP expression.
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UPN PerCP

PE

APC

FITC

LAP marker WHO classification

1

CLIP

CD34

CD7

CD7

CD45

Acute myeloid leukemia without differentiation

2

CD45

CLIP

CD34

CD7

CD7

Acute myeloid leukemia without differentiation

3

CD45

CLIP

CD34

CD7

CD7

Acute myeloid leukemia without differentiation

4

CD45

CLIP

CD34

CD11c

CD11c

Acute myeloid leukemia with minimal differentiation

5

CD45

CLIP

CD34

CD56

CD56

Acute myeloid leukemia with minimal differentiation

6

CD45

CLIP

CD34

CD56

CD56

Acute myeloid leukemia with minimal differentiation

7

CD45

CLIP

CD34

CD7

CD7

Acute myeloid leukemia with minimal differentiation

8

CD33

CLIP

CD34

CD13

CD33neg

Acute myeloid leukemia with maturation

9

CD45

CLIP

CD34

CD7

CD7

Acute myeloid leukemia with maturation

10

CD45

CLIP

CD117

CD11c

CD11c

Acute myeloid leukemia with maturation

11

CD45

CLIP

CD34

CD7

CD7

Acute myeloid leukemia with maturation

12

CD45

CLIP

CD34

CD7

CD7

Acute myeloid leukemia with maturation

13

CD45

CLIP

CD34

CD7

CD7

Acute myelomonocytic leukemia

14

CD45

CLIP

CD117

CD7

CD7

Acute myelomonocytic leukemia

15

CD45

CLIP

CD117

CD7

CD7

16

CD45

CLIP

CD117

CD13

CD13

17

CD45

CLIP

CD34

CD7

CD7

Acute myelomonocytic leukemia

18

CD45

CLIP

CD117

CD13

CD13++

Acute myelomonocytic leukemia

Acute myelomonocytic leukemia
++

Acute myelomonocytic leukemia

19

CD45

CLIP

CD34

CD7

CD7

Acute monoblastic and monocytic leukemia

20

CD45

CLIP

CD117

CD11c

CD11c

Acute monoblastic and monocytic leukemia

21

CD45

CLIP

CD117

CD34

CD34neg

Acute monoblastic and monocytic leukemia

22

CD45

CLIP

CD33

CD13

CD13neg

Acute monoblastic and monocytic leukemia

23

CD45

CLIP

CD34

CD7

CD7

Acute monoblastic and monocytic leukemia

24

CD45

CLIP

CD34

CD7

CD7

Acute erythroid leukemia

25

CD45

CLIP

CD34

CD7

CD7

Acute erythroid leukemia

26

CD45

CLIP

CD34

CD7

CD7

Acute erythroid leukemia

27

CD45

CLIP

CD34

CD7

CD7

Acute myeloid leukemia with t(8;21)

28

CD45

CLIP

CD34

CD56

CD56

Acute myeloid leukemia with t(8;21)

29

CD45

CLIP

CD34

CD13

CD13neg

Acute myeloid leukemia with inv(16)

30

CD45

CLIP

CD34

CD2

CD2

Acute myeloid leukemia with inv(16)

31

CD33

CLIP

CD34

CD13

CD33neg

Acute myeloid leukemia with multilineage dysplasia

32

CD45

CLIP

CD33

CD13

CD13neg

Acute myeloid leukemia with multilineage dysplasia

33

CD45

CLIP

CD34

CD7

CD7

Acute myeloid leukemia with multilineage dysplasia

34

CD45

CLIP

CD34

CD5

CD5

Acute myeloid leukemia with multilineage dysplasia

35

CD45

CLIP

CD34

CD7

CD7

Acute myeloid leukemia with multilineage dysplasia

36

CD45

CLIP

CD34

CD11b CD11b

Acute myeloid leukemia not otherwise specified

The combinations of fluorochromes used for determination of CLIP on leukemia associated phenotype (LAP)positive cells are shown. Fluorochromes used are FITC, PE, APC and PerCP. Phenotypes considered as aberrant:
presence of CD7, CD11c or CD56; overexpression of CD13; absence of CD13 or CD33 combined with presence of
another myeloid marker; absence of CD34 but presence of primitive marker CD117 or diminished expression of
CD45. UPN, unique patient number; neg, negative; ++, overexpression.
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During HLA class II synthesis in antigen-presenting cells, the invariant chain (Ii) not only
stabilizes HLA class II complexes in the endoplasmic reticulum, but also mediates their transport
to specialized lysosomal antigen-loading compartments termed MIICs. This study explores an
alternative HLA class II presentation pathway in leukemic cells that involves proteasome- and
transporter-associated with antigen processing (TAP)-dependent peptide loading. Although
HLA-DR did associate with Ii, Ii silencing in the human class II-associated invariant chain peptide
(CLIP)-negative KG-1 myeloid leukemia cell line did not affect total and plasma membrane
expression levels of HLA-DR, as determined by western blotting and flow cytometry. Since
HLA-DR expression does require peptide binding, we examined the role of endogenous
antigen processing machinery in HLA-DR presentation by CLIP- leukemic cells. The suppression
of proteasome and TAP function using various inhibitors resulted in decreased HLA-DR levels
in both CLIP- KG-1 and ME-1 cells. Simultaneous inhibition of TAP and Ii completely downmodulated the expression of HLA-DR, showing that together these molecules form the key
mediators of HLA class II antigen presentation in leukemic cells. By the use of a proteasomeand TAP-dependent processing pathway for HLA class II antigen presentation, CLIP- leukemic
cells might be able to present a broad range of endogenous, potentially leukemia-associated
peptides via HLA class II to activate leukemia-specific CD4+ T cells.

Introduction

7
CLIP and antigen processing in leukemic cells

Professional antigen presenting cells (APC), such as dendritic cells (DCs) and macrophages,
can activate T cells by efficiently processing antigens from both endogenous and exogenous
sources and presenting them at the plasma membrane.
HLA class I antigen processing machinery is essential for the generation of endogenous
peptides and loading onto HLA class I molecules in the endoplasmic reticulum (ER). One of
its major components is the proteasome, a multicatalytic proteinase complex that specifically
cleaves ubiquitin-conjugated cytoplasmic proteins into small peptides.1 Another key player, the
transporter associated with antigen processing (TAP), mediates translocation of these peptides
into the ER,2 where further trimming to nonameric peptides may be necessary for HLA class I
binding.3 Upon complete folding in the ER lumen, the class I/peptide complex is exported via
the default secretory pathway to the plasma membrane.
Exogenously derived peptides are generated in the endosomal/lysosomal pathway and
loaded onto HLA class II molecules in specialized lysosomal antigen-loading compartments,
termed MIICs (or MHC class II-containing compartments).4;5 Newly synthesized HLA class II
ab heterodimers associate with the invariant chain (Ii or CD74) in the ER lumen, which not
only ensures their stabilization and proper folding, but also transport to the MIICs.6;7 During
transport to the MIICs, Ii is proteolytically degraded, leaving a small fragment bound to the
peptide-binding groove.8 In the MIICs, this class II-associated invariant chain peptide (CLIP)
is exchanged for an exogenous peptide by the peptide editor HLA-DM (DM),9 and the class II/
peptide complex is transported to the plasma membrane.
As extensively described in myeloid DCs, exogenous peptides are able to interact with
HLA class I molecules via different processing pathways, a mechanism known as crosspresentation.10;11 Endogenous peptides, on the other hand, can be loaded onto HLA class II
molecules as well, although it remains controversial which processing pathways underlie this
type of peptide loading. In many professional APCs, endogenous antigens are transferred to
the endosomal/lysosomal pathway for loading onto HLA class II molecules.12 Autophagy has
been reported to play a role in this process by delivering cytoplasmic material for degradation
in the lysosomes,13-15 but also the proteasome could be involved by degrading cytoplasmic
antigens before entering the endosomal/lysosmal pathway.16;17
Although HLA class II transport into this pathway is classically known to be dependent
of Ii, the absence of Ii in tumor APCs was shown to clearly increase HLA class II-restricted
presentation of endogenous peptides and their capacity to activate tumor-specific CD4+ T
cells.18;19 Taking into account that Ii association with HLA class II interferes with endogenous
peptide binding in the ER, 20;21 this suggests that in certain tumor APCs, loading of HLA class
II molecules with endogenous peptides occurs via HLA class I antigen processing machinery
instead of the endosomal/lysosomal pathway. It has recently been described that both the
proteasome and TAP molecule were involved in processing of HLA class II-restricted viral
epitopes, 22 but less is known about this function of HLA class I antigen processing machinery in
HLA class II+ tumor APCs. A better understanding of endogenous antigen processing for HLA
class II-restricted presentation in HLA class II+ tumor cells could be important for the design of
approaches to optimize presentation of, yet unidentified, tumor-associated antigens (TAAs),
thereby circumventing tumor immune escape.
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We previously demonstrated that a low amount of CLIP on HLA class II+ leukemic cells
predicts an improved clinical outcome for patients with acute myeloid leukemia (AML) and
enhances recognition by allogeneic CD4+ T cells. 23 In the current study, we show that an Iiindependent, but proteasome- and TAP-dependent HLA class II antigen presentation route is
active in human CLIP- myeloid leukemic cells, indicating that HLA class I antigen processing
machinery mediates HLA class II-restricted presentation of endogenous peptides in these
tumor cells.

Materials and methods

7

Cell lines and culturing
The human myeloid leukemia cell lines KG-1 and Kasumi-1 were obtained from the American
Type Culture Collection (ATTC) and frozen in aliquots at low cell passage. Culturing of the KG-1
cell line was performed at 3 x 105 cells/ml in IMDM (Gibco) supplemented with 20% FBS, 1%
L-glutamine (Gibco), 25 mM Hepes (Sigma-Aldrich, St Louis, MO) and 50 mM 2-ME (Gibco).
The Kasumi-1 cell line was maintained in RPMI 1640 medium (Gibco, Paisley, UK) supplemented
with 1% L-glutamine and 15% heat-inactivated FBS (Greiner, Alphen a/d Rijn, The Netherlands)
with a cell density of 5 x 105 cells/ml. Cells were incubated at 37°C in a humidified atmosphere
containing 5% CO2 and the culture medium was refreshed every 3 days.
Antibodies and immunofluorescence staining
The following mouse monoclonal antibodies (mAbs) were used: PE-labeled anti-HLA-ABC
(W6/32 clone; Dako, Glostrup, Denmark) and IgG2a isotype control (BD, San Jose, CA); APClabeled anti-HLA-DR (clone L243) and IgG2a isotype control (both BD); and 7-amino-actinomycin
D (7AAD; Via-Probe, BD). The PIN1.1 antibody (anti-Ii) was kindly provided by Peter Cresswell
(Howard Hughes Medical Institute, Yale University School of Medicine, New Haven, CT). 24
For immunofluorescence stainings, 1 x 105 cells were pre-incubated with 10% human
g-globulin (60 mg/ml; Sanquin) for 10 min. Mouse mAbs were added during 15 min for
extracellular and 30 min for intracellular staining. To analyze total protein expression, cells were
fixed with PBS 1% paraformaldehyde, permeabilized using PBS 0.1% saponin (Sigma-Aldrich) and
stained with the mAb of interest. We examined the total amount of Ii by staining with PIN1.1
followed by a second incubation step of 20 min with rabbit anti-mouse (RAM) IgG conjugated
to PE (Dako). Stained cells were incubated at room temperature (RT), washed twice with PBS
containing 0.1% HSA and 0.05% sodium azide, and measured on a FACSAria flow cytometer
(BD). The same apparatus was used for flow cytometric sorting of cells. Sorted cells were
washed three times with PBS before subsequent analysis or culture in medium. We performed
flow cytometric analyses by using CellQuest software (BD) and determined extracellular
expression levels on viable (7AAD-) cells. Mean fluorescence intensity (MFI) was defined as the
median value of all gated cells relative to that of isotype control staining.
DNA constructs and retroviral vectors
Epstein-Barr virus (EBV)-encoded BNLF2a and bovine herpes virus 1 (BHV-1)-encoded UL49.5
were amplified from viral DNA with specifically selected primers and PCR products were
cloned into pLZRS-IRES-EGFP, as previously described. 25;26 Information about this vector can
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be found at http://www.stanford.edu/group/nolan/retroviral_systems/retsys.html. Ii silencing
was performed using a pSIREN-RetroQ retroviral vector (Clontech) that contains a specifically
prepared Ii siRNA insert (sequence 53) with a puromycin resistance gene. 27

Co-immunoprecipitations and western blotting
To immunoprecipitate Ii proteins, 10 x 106 myeloid leukemic cells were washed three times with
sterile PBS (pH 7.4). Cell lysates were prepared by snap freezing the samples in liquid nitrogen
and incubating them upon thawing for 45 min in 250 ml ice-cold lysis buffer, which consisted
of sterile PBS supplemented with 1% Ipegal and 15% protease inhibitor cocktail (Complete; 1
tablet/7.5 ml H2O; Boehringer Mannheim Biochemica, Mannheim, Germany). After removal of
unlysed cell remnants and nuclei by centrifugation in an Eppendorf micro-centrifuge (5 min,
10,000 rpm), the protein content of the supernatant was determined by the Bio-Rad protein
assay (Biorad Laboratories, Hercules, CA). Then, 0.5 mg total cell lysates were diluted in 0.5
ml ice-cold lysis buffer and precleared with 1.0 mg of mouse IgG1 mAb together with 20 ml
Protein G PLUS-Agarose reagent (Santa Cruz Biotechnology, Santa Cruz, CA) for 30 min. Ii was
immunoprecipitated using the PIN1.1 antibody and Protein G PLUS-Agarose reagent (20 ml) in an
overnight incubation. Ii immunoprecipitates were collected by centrifugation and washed four
times with PBS before resuspending in reducing electrophoresis sample buffer.
For western blotting, samples were electrophoresed on 12.5% polyacrylamide gels that
contained SDS and transferred onto methanol-activated PVDF membranes. Different protein
amounts from total cell lysates were loaded on gel: 10 mg for DRa, 20 mg for Ii and 70 mg for
TAP1. Mouse anti-DRa (clone 1B5, ref. 29; 1:10,000), anti-Ii (clone PIN1.1, ref. 24; 1:1000) and antiTAP1 (clone 148.3, ref. 30; 1:100) were used as primary mAbs. To lower the staining of interfering
immunoprecipitated heavy and light chains, mouse Trueblot™ ULTRA reagent (eBioscience, San
Diego, CA) was added. Protein complexes were visualized by Amersham ECL Western Blotting
Detection Reagents (GE Healthcare, Buckinghamshire, UK).
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Retroviral production, transductions and transfections
BNLF2a and UL49.5 retroviruses were produced using the Phoenix amphotropic packaging
system, as described at http://www.stanford.edu/group/nolan/protocols/pro_helper_dep.html.
For the production of UL49.5 retroviruses, we used a pLZRS vector that encodes a mutant
form of UL49.5, containing two alanines instead of lysines within the cytoplasmic tail. This
construct did not alter UL49.5-mediated degradation and inhibition of the TAP complex. 28
Retroviral transductions and transfections were performed according to standard protocols. 23
The possibility of off-target effects during these procedures were excluded by using an
irrelevant GFP-encoding retrovirus (Supplementary Figure S2) and irrelevant siRNAs. 27
For transfection experiments, 2 mg of pSIREN-RetroQ-Ii-siRNA53 DNA was delivered into 2 x
106 cells using the Amaxa nucleofection technology (Lonza, Basel, Switzerland). The optimized
protocol for the KG-1 cell line is available at http://www.lonzabio.com. Before treated cells were
resuspended in culture medium again, we first recovered them in IMDM (Gibco) without the
addition of supplements for 30 min at 37°C. Two days after transfection, we added 1.0 mg/ml
puromycin to select Ii-siRNA53-transfected cells.
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Proteasome inhibition assays
MG-132 and bortezomib (PS-341, Velcade) were kind gifts from Dr. Gerrit Jansen (VU University
Medical Center, Amsterdam, The Netherlands). Each of these inhibitors was added to 5 x
105 cells/ml culture medium per well in increasing concentrations using six-well plates and
cells were incubated overnight at 37°C in a humidified atmosphere containing 5% CO2. After
incubation, cells were washed twice with PBS containing 0.1% HSA and 0.05% sodium azide and
centrifuged for immunofluoresence staining.

Results

7

HLA-DR expression and transport to the plasma membrane in CLIP- KG-1 cells can occur in
the absence of Ii.
To study the Ii-dependency of HLA-DR expression by CLIP- leukemic cells, we silenced Ii
expression in the KG-1 myeloid leukemia cell line, which was found to lack CLIP at the plasma
membrane. 23
Western blot analysis demonstrated that Ii expression was strongly inhibited in Ii siRNAtreated KG-1 (KG-1/Ii-siRNA) cells (Figure 1A). Interestingly, the total amount of HLA-DR
in KG-1/Ii-siRNA cells was similar to that in wild-type cells. These results were confirmed by
flow cytometry, which showed that Ii was down-regulated for >98% and despite a very small
population of HLA-DR-Ii- cells, total HLA-DR expression remained unaffected in the vast
majority of permeabilized, Ii-negative KG-1/Ii-siRNA cells (Figure 1B, left panels).
Since the formation of HLA-DR molecules was not impaired in KG-1/Ii-siRNA cells, we next
questioned whether their transport to the plasma membrane was disturbed by FACS analysis of
HLA-DR expression on intact cells (Figure 1B, right panel). Again, no differences in expression
were encountered, implicating that the absence of Ii does not interrupt HLA-DR transport to
the plasma membrane.
To assess if this Ii-independent HLA-DR expression resulted from an inability of Ii to
interact with HLA-DR molecules, we immunoprecipitated Ii from KG-1 cells and determined its
association with HLA-DR by western blotting. As a positive control, the CLIP+ Kasumi-1 myeloid
leukemia cell line was used, in which HLA-DR expression did depend on the function of Ii. 23
Immunoprecipitation of Ii from these cell lines revealed a similar association with HLA-DR
(Figure 1C). Thus, the observed Ii-independent HLA-DR expression in KG-1 cells is not a
reflection of inefficient binding of Ii to HLA-DR.
These findings show that in CLIP- KG-1 cells, HLA-DR processing and transport to the plasma
membrane can occur independently of Ii expression, indicating the involvement of other
proteins in CLIP- leukemic cells that stabilize HLA class II molecules.
HLA-DR expression and transport to the plasma membrane in CLIP- KG-1 cells is dependent
on the function of the proteasome
Newly formed HLA-DR molecules are typically stabilized by Ii (and later by CLIP) prior to peptide
binding in the MIICs.31;32 This raises the question of which alternative mechanism stabilizes these
molecules in cells that do not express Ii. We studied if Ii-independent HLA-DR expression in
KG-1 cells may be accomplished by loading of cytoplasmic peptides that are processed via HLA
class I antigen processing machinery.
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Figure 1. Association of Ii with HLA-DR expression in CLIP- KG-1 cells. (A) Protein extracts from IisiRNA-transduced KG-1 (KG-1/Ii-siRNA) cells were analyzed for Ii and total HLA-DR expression by western
blotting. Similar expression levels of b-tubulin verified that both lanes were equally loaded with protein.
Molecular weights: Ii, 33 kD (p33); DRa, 34 kD; b-tubulin, 55 kD. (B) Ii versus total HLA-DR expression levels
for permeabilized KG-1 cells (left panels), as well as HLA-DR expression levels at the plasma membrane of
intact, 7AAD- KG-1 cells (right panel) after treatment with Ii siRNAs, as depicted in histograms (unfilled
peaks) and dotplots. Filled histograms represent isotype control stainings for the same cells. Ii expression
is indicated here as ‘PIN RAM PE’. (C) Co-immunoprecipitations of Ii with HLA-DR from protein extracts of
KG-1 and Kasumi-1 cells. Ii immunoprecipitates were studied for the association with HLA-DR by western
blotting for DRa under reducing conditions. Protein extracts of total lysates and IgG1 immunoprecipitates
from the same cells acted as positive and negative controls, respectively, to confirm the specificity of the
DRa bands (34 kD) observed in the Ii immunoprecipitate-loaded lanes.
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For classical loading of HLA class I molecules, cytoplasmic antigens need to be cleaved into
small peptides by the proteasome. To investigate the role the proteasome in HLA-DR peptide
loading, we blocked proteasomal activity in KG-1 cells by two inhibitors: MG-132, which inhibits
all catalytic b subunits, and bortezomib, which specifically suppresses the β5 and, at higher
concentrations, the b1 subunit of the 26S proteasome.33
After incubation with each inhibitor, HLA class I expression was decreased on the total
KG-1 cell population, as determined by flow cytometry (Figure 2A), indicating the effect of
proteasome inhibition on endogenous peptide loading. Interestingly, HLA-DR expression was
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strongly down-regulated as well, in a dose-dependent manner (Supplementary Figure S1a). In
line with its broad catalytic subunit specificity, MG-132 had a stronger effect on both HLA class
I and HLA-DR expression than bortezomib (Figure 2B). Similar effects of proteasome inhibition
were found for the myeloid leukemia cell line ME-1 (Supplementary Figure S1b). ME-1 cells also
lack CLIP at the plasma membrane, 23 indicating that our findings reflect a general mechanism
for leukemic cells that do not express CLIP.
As CLIP is abundantly expressed on Kasumi-1 cells, 23 in contrast to the KG-1 and ME-1
myeloid leukemia cell line, it is likely that cytoplasmic antigens in these cells are not processed
for presentation by HLA-DR molecules. Indeed, MG-132 and bortezomib did not reduce plasma
membrane expression of HLA-DR on Kasumi-1 cells (Figure 2C), while HLA class I expression
was affected. This demonstrates that HLA-DR expression on these cells does not involve
proteasome activity and confirms that the effect of both inhibitors in KG-1 and ME-1 cells does
not result from aspecific protein down-regulation.
In conclusion, these data indicate that, in contrast to CLIP+ Kasumi-1 cells, the transport of
HLA-DR molecules to the plasma membrane in at least a subpopulation of KG-1 cells and ME-1
cells relied on proteasomal activity, which supports the notion that Ii-independent HLA-DR
expression in CLIP- leukemic cells is related to loading with cytoplasmic peptides.
HLA-DR expression and transport to the plasma membrane in CLIP- KG-1 cells is partly
dependent on the function of the TAP molecule
To further provide evidence that HLA class I antigen processing machinery is involved in
cytoplasmic peptide loading of HLA-DR molecules, we suppressed TAP-mediated peptide
processing in KG-1 cells using two different viral proteins: BNLF2a, which interferes with peptide
and ATP binding to TAP, 25 and UL49.5, which prevents conformational changes of TAP required
for peptide translocation and targets TAP for proteasomal degradation. 26
After transduction with BNLF2a/GFP- and UL49.5/GFP-encoding retrovirus, GFP+ KG-1 cells
were flow cytometrically sorted and analyzed for TAP expression by western blotting (Figure
3A). Although BNLF2a has been described to only functionally suppress the TAP complex,
a lower amount of TAP1 was observed in BNLF2a-containing KG-1 (KG-1/BNLF2a) cells, as
compared to wild-type cells. In UL49.5-containing KG-1 (KG-1/UL49.5) cells, TAP1 expression
was completely down-regulated, which agrees with the function of UL49.5 in targeting TAP for
proteasomal degradation. TAP2 expression was not affected by these inhibitors, indicating that
the inhibition of TAP function was mediated by down-modulation of TAP1.
To test the impact of TAP inhibition on Ii-independent HLA-DR expression, we analyzed the
level of HLA-DR expression on TAP-inhibited KG-1 cells by flow cytometry (Figure 3B). HLA class
I levels were determined as a positive control for the function of TAP in classical endogenous
peptide loading. GFP+ KG-1/BNLF2a and KG-1/UL49.5 cells not only showed decreased HLA class
I expression, but also a cell subpopulation with clearly reduced HLA-DR levels (total downregulation of 21 and 36%, respectively) at the plasma membrane. This effect was the strongest
in GFP+ KG-1/UL49.5 cells (53% of GFP+ cells obtained an HLA-DR- phenotype), probably as
the cause of higher UL49.5 levels implicated by increased GFP expression compared to KG-1/
BNLF2a cells (Figure 3B) and the complete degradation of TAP (Figure 3A). In CLIP- ME-1 cells,
TAP inhibition by using UL49.5 retrovirus resulted in down-regulation of HLA-DR on the total
cell population (Supplementary Figure S3).
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Figure 2. HLA-DR expression in proteasome-inactivated CLIP- KG-1 and CLIP+ Kasumi-1 cells. KG-1 (A,
B) and Kasumi-1 (C) cells treated with various concentrations of the MG-132 and bortezomib proteasome
inhibitor were investigated for plasma membrane expression of HLA class I (HLA-I) and HLA-DR (unfilled
histograms) together with their isotype controls (filled histograms) by flow cytometry. To define the
relative MFI of HLA class I and HLA-DR expression levels, MFI values were calculated for 7AAD- cells at each
concentration as described in Materials and Methods and related to those of untreated cells (n=3, ±SEM).
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To investigate whether TAP is also involved in Ii-dependent HLA-DR expression, CLIP+
Kasumi-1 cells were transduced with UL49.5/GFP-encoding retrovirus as well. After flow
cytometric sorting and gating of GFP+ cells, no differences were found in plasma membrane
expression of HLA-DR compared to wild-type cells (Figure 3C). The strong reduction in TAP1
(Figure 3A) and HLA class I (Figure 3C) expression showed that the function of TAP was indeed
inhibited in Kasumi-1/UL49.5 cells.
By different ways of TAP inhibition, we demonstrate that in contrast to CLIP+ Kasumi-1 cells,
HLA-DR transport to the plasma membrane is dependent on the function of TAP in a subpopulation
of KG-1 cells. This suggests that Ii-independent HLA-DR expression in CLIP- leukemic cells results
from loading with cytoplasmic peptides processed by HLA class I antigen processing machinery.
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Ii expression is inversely correlated to the TAP-dependency of HLA-DR expression and
transport to the plasma membrane in CLIP- KG-1 cells
Although HLA-DR expression was totally absent in a subpopulation of TAP-inhibited KG-1 cells,
the other subpopulation was still able to transport HLA-DR molecules to the plasma membrane.
To explain this difference in effect, we flow cytometrically sorted the HLA-DR- (TAP-dependent)
and HLA-DR+ (TAP-independent) subpopulation of GFP+ KG-1/UL49.5 cells. Plasma membrane
expression levels of HLA class I were equally decreased on both subpopulations compared to
wild-type cells, as determined by flow cytometry (Figure 4A). This indicated that UL49.5 protein
levels and the degree of TAP inhibition did not differ between these subpopulations.
We next studied whether the differences in TAP dependency of HLA-DR expression by
KG-1 cells involved the function of Ii. Flow cytometric analysis revealed a close association
between total HLA-DR and Ii expression in GFP+ KG-1/BNLF2a and KG-1/UL49.5 cells, as well
as in the HLA-DR- and HLA-DR+ sorted subpopulations of GFP+ KG-1/UL49.5 cells (Figure 4B).
During cell culture, both HLA-DR and Ii expression were upregulated again in the HLA-DRsorted subpopulation, while the HLA-DR+Ii+ phenotype remained stable in the HLA-DR+ sorted
subpopulation of GFP+ KG-1/UL49.5 cells (data not shown).
Thus, in one KG-1 cell subpopulation, TAP suppression accompanied an unexpected,
transient decline in Ii amount, probably resulting in the total absence of HLA-DR. In another
subpopulation of KG-1 cells, the expression of Ii was not affected by TAP inhibition, which
indicated that HLA-DR expression in these cells is rescued by association with Ii.

Figure 3. TAP inhibition in CLIP- KG-1 and CLIP+ Kasumi-1 cells and the effect on HLA-DR expression. (A)
KG-1 and Kasumi-1 cells were transduced with retrovirus encoding GFP together with either BNLF2a or UL49.5
proteins, two different inhibitors of TAP. After flow cytometric sorting of GFP+ cells, TAP1 and TAP2 expression
were determined by western blotting. All lanes were equally loaded with protein as b-actin was equally
expressed. Molecular weights: TAP1, 71 kD; TAP2, 75 kD; b-actin, 42 kD. (B, C) Flow cytometrically sorted GFP+
KG-1 (B) and Kasumi-1 (C) cells containing either UL49.5 or BNLF2a were analyzed for GFP as well as plasma
membrane HLA class I (HLA-I) and HLA-DR expression (unfilled histograms) by flow cytometry. GFP and
plasma membrane HLA class I levels were evaluated to assess the transduction efficiency and the degree of
TAP inhibition, respectively. Filled histograms represent stainings of the same cells with control IgG.
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TAP and Ii together form the key mediators of HLA-DR expression and transport to the
plasma membrane in CLIP- KG-1 cells
To actually show the capacity of Ii in rescuing HLA-DR expression in TAP-inhibited KG-1 cells,
we retrovirally transfected the HLA-DR+ sorted subpopulation of GFP+ KG-1/UL49.5 (KG-1/
UL49.5/DR+) cells with Ii siRNAs. In agreement with the flow cytometric data (Figure 4B), total
HLA-DR expression levels in GFP+ KG-1/UL49.5/DR+ cells were slightly increased in comparison
to those in wild-type cells, as determined by western blotting (Figure 5A). This indicates that in
the absence of TAP, the association of HLA-DR molecules with Ii enhances their stability. The
total amount of HLA-DR strongly declined after Ii silencing compared to non-silenced GFP+
KG-1/UL49.5/DR+ and wild-type cells. We confirmed these results by flow cytometry (Figure
5B; Supplementary Figure S4), showing a similar reduction in HLA-DR expression after >90% Ii
down-regulation in GFP+ KG-1/UL49.5/DR+ cells. This was contrary to the observations in KG-1/
Ii-siRNA cells with the TAP complex still functional (Figure 1B).
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Figure 5. Silencing of Ii expression in TAP-inhibited KG-1
cells and the effect on HLA-DR expression. (A) The flow
cytometrically sorted HLA-DR+ subpopulation of GFP+ KG-1/
UL49.5 cells was treated with Ii siRNAs and protein extracts
were analyzed for expression of TAP, Ii and HLA-DR by
western blotting. Expression levels of b-tubulin in each lane
confirmed equal protein loading. Molecular weights: TAP1,
74 kD; Ii, 33 kD (p33); DRa, 34 kD; b-tubulin, 55 kD. (B) Flow
cytometric analyses of Ii versus total HLA-DR expression
in permeabilized, GFP+ KG-1/UL49.5/DR+ cells (left panel)
and the resulting HLA-DR expression levels at the plasma
membrane of intact, 7AAD- cells (right panel; unfilled
histograms) after treatment with and without Ii siRNAs.
Filled histograms indicate the corresponding isotype
control stainings. Ii expression is depicted as ‘PIN RAM PE’.
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Thus, TAP-independent HLA-DR expression and transport to the plasma membrane in
KG-1 cells is confined to the function of Ii, consistent with the classical pathway of HLA class II
antigen presentation.
To study if the function of TAP is also the determining factor in Ii-independent HLA-DR
expression, we transduced KG-1/Ii-siRNA cells with BNLF2a/GFP or UL49.5/GFP retrovirus and
flow cytometrically sorted GFP+ cells. The inhibition of TAP resulted in a strong down-regulation
of total and plasma membrane expression of HLA-DR in both GFP+ KG-1/Ii-siRNA/BNLF2a and
KG-1/Ii-siRNA/UL49.5 cells (Figure 6). The difference in effect of TAP inhibition on HLA-DR
expression could be explained by the higher transduction efficiency of UL49.5/GFP compared
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Figure 6. The effect of TAP inhibition in Ii-silenced KG-1 cells on HLA-DR expression. Ii-silenced KG-1 cells
transduced with BNLF2a/GFP or UL49.5/GFP retrovirus were flow cytometrically sorted for GFP+ cells. Then,
we determined Ii versus total HLA-DR expression in permeabilized GFP+ cells (left panel) and resulting
expression levels of HLA-DR on intact, 7AAD- cells (right panel; unfilled histograms) by flow cytometry.
The filled histograms represent stainings of the same cells with control IgG. Ii expression: ‘PIN RAM PE’.

to BNLF2a/GFP retrovirus (data not shown), as noticed earlier in wild-type cells (Figure 3B). In
accordance with the requirement of Ii in TAP-independent HLA-DR expression, the function of
TAP is critical for Ii-independent HLA-DR expression and transport to the plasma membrane
in KG-1 cells. Overall, simultaneous inhibition of TAP- and Ii-dependent antigen processing
pathways in these cells strongly down-modulates HLA-DR expression, showing that TAP and Ii
together are the key regulators of HLA class II antigen presentation.

Discussion
For an effective anti-tumor immune response, CTLs and CD4+ T cells need to be stimulated with
TAAs presented by tumor APCs.34 Professional APCs present these peptides after recognition,
engulfment and processing of exogenously derived TAAs. Certain tumor cells, however, can
also serve as potent APCs by not only expressing costimulatory molecules, but also presenting
their own peptides to T cells. Since impaired TAA presentation is a known tumor escape
mechanism,35 the components involved in processing and presentation of endogenous TAAs in
tumor cells are interesting targets for immunomodulation. Previously, it has been reported that
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the CLIP- KG-1 myeloid leukemia cell line is able to stimulate T cell reactivity and presents HLA-DR
molecules that are loaded with peptides from endogenous rather than exogenous sources. 36;37
In this report, we show that in addition to classical Ii-dependent HLA-DR antigen presentation,
KG-1 cells use HLA class I antigen processing machinery, including the proteasome and TAP
complex, to process endogenous antigens for presentation via HLA-DR molecules.
The Ii-independency of HLA-DR expression in KG-1 cells (Figure 1A-B) is not unique to
this myeloid leukemia cell line, as we recently found the same in the THP-1 myeloid leukemia
cell line treated with Ii siRNAs. 23 Although Ii plays an essential role in targeting HLA-DR into
the endosomal/lysosomal pathway, 7 HLA-DR molecules may also reach the MIICs in an Iiindependent way, either indirectly via the plasma membrane or directly by using the di-leucine
endosomal sorting motif that resides in the DRb-chain.38;39 In another myeloid leukemia cell
line, the Kasumi-1, however, we showed that Ii silencing did affect plasma membrane expression
of HLA-DR, 23 indicating that HLA-DR molecules in some myeloid leukemic cells cannot reach
the MIICs without Ii. These differences in Ii- (as well as TAP-) dependency of HLA-DR expression
might be explained by the low Ii/TAP ratio in KG-1 cells (Figure 1A and 3A) as compared to
Kasumi-1 cells (Figure 3A and data not shown).
Since at least a proportion of HLA-DR molecules was immunoprecipitated along with Ii in
KG-1 cells (Figure 1C), it seems that both an Ii-dependent and Ii-independent pathway were
active. With regard to processing of endogenous antigens in these pathways, we showed
that HLA-DR expression levels at the KG-1 plasma membrane were strongly influenced by
proteasome inhibition (Figure 2A-B). This implies that in KG-1 cells, proteasomal instead of
lysosomal degradation is involved in the generation of cytoplasmic peptides for loading onto
HLA class II molecules. These findings differ from previous studies with murine tumor cells, in
which HLA class II antigen presentation was dependent on the endosomal/lysosomal pathway
rather than the proteasome.40;41
After proteasomal processing of cytoplasmic antigens in KG-1 cells, the proteasomegenerated peptides might be transported to the MIICs for further trimming and subsequent
loading onto HLA-DR molecules via the Ii-dependent pathway.42 For HLA-DR molecules that are
processed in the Ii-independent pathway, however, the intracellular site of peptide loading is still
controversial. In this report, we demonstrate that for a particular subpopulation of KG-1 cells,
HLA-DR expression is dependent on the function of TAP (Figure 3B). Since HLA-DR expression
can occur in an Ii-independent way, it points to the ER as a potential compartment where HLA-DR
molecules are loaded with proteasome-generated and TAP-translocated peptides.
The difference in TAP-dependency of HLA-DR expression within the total KG-1 cell population
might be explained by a differential expression of specific HLA-DR alleles with a high affinity for
endogenous peptides. It was reported that two allelic subtypes, DRB1*1101 and DRB1*1401, on
KG-1 cells predominantly presented endogenous peptides. 36 In addition, HLA-DR4 and -DR7
molecules have been shown to associate with endogenous peptide presentation on tumor
cells.43;44 Unexpectedly, BNLF2a or UL49.5 proteins abrogated the expression of Ii in the HLA-DRKG-1 cell population (Figure 4B), but were recovered again during culture (data not shown).
The suppression of TAP might therefore transiently elicit additional effects on the HLA class
II-restricted presentation pathway in this subset of cells, as we found reductions in HLA-DM
expression levels as well (data not shown). This suggests that the master regulator of the HLA
class II presentation pathway, CIITA, might be affected, which is currently under investigation.
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By simultaneous inhibition of Ii and TAP, we were able to discriminate between the Iidependent and Ii-independent HLA class II presentation pathway of endogenous peptides in
these tumor cells. We found that in the HLA-DR+ subpopulation of TAP-inhibited KG-1 cells,
only the Ii-dependent pathway was functional, as Ii silencing strongly reduced expression
levels of HLA-DR (Figure 5A). This seems to be a threshold effect as the amount of HLA-DR
expressed is not directly proportional to the quantity of Ii (Figure 5B). In KG-1/Ii-siRNA cells,
HLA-DR expression was clearly down-modulated after TAP suppression (Figure 6), showing that
the Ii-independent pathway depends on the function of TAP. The inability to express HLA-DR
molecules in the absence of both Ii and TAP function agreed with the HLA-DR- phenotype
found for the TAP-deficient KG-1 subpopulation lacking Ii expression (Figure 4B).
This study provides important insights into the intracellular mechanisms of tumor cells
to process endogenous antigens for HLA class II-restricted presentation. Extensive interplay
between HLA class I and II presentation pathways was shown in cells of the CLIP- KG-1 myeloid
leukemia cell line, which constitutively express HLA class II molecules loaded with endogenous
peptides. These data indicate that CLIP- leukemic cells may be able to present TAA-derived
peptides on both HLA class I and II molecules and underlines the hypothesis that abnormalities
in the HLA class I antigen processing machinery in certain tumor cells may result in tumor
escape from both HLA class I- and HLA class II-restricted T cell recognition. In addition to their
potential as antigen-presenters, KG-1 cells can also be differentiated into functional DC-like
cells,37;45 which makes these tumor cells ideal candidates for the use as cellular vaccines. In
general, the involvement of endogenous antigen processing in HLA class II presentation by
tumor cells might introduce new immunomodulatory approaches to simultaneously induce
HLA class I and II TAA presentation.
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Figure S1. Representative experiments showing the dose-dependent effect of proteasome inhibition on
surface HLA-DR expression by CLIP- leukemic cells. Histograms (unfilled peaks) with their corresponding
IgG controls (filled peaks) are shown for CLIP- KG-1 (A) and ME-1 (B) cells treated with increasing
concentrations of the MG-132 and bortezomib proteasome inhibitor.
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Figure S2. Control experiments for the effect of retroviral transduction on surface HLA class I, surface
HLA-DR and intracellular Ii expression. We performed two independent transductions of CLIP- KG-1 cells
with irrelevant GFP-encoding retrovirus and related MFI values (±SEM) on GFP-gated transduced (‘GFP
retro’) cells
to those
Figure
S3 on wild-type (‘WT’) cells.

GFP

Surface HLA-I

Surface HLA-DR

ME-1

ME-1
UL49.5

Log fluorescence

Figure S3. TAP inhibition in the CLIP ME-1 leukemic cell line and the effect on HLA-DR expression at
the plasma membrane. ME-1 cells were transduced with GFP-encoding UL49.5 retrovirus and investigated
for HLA class I (HLA-I) and HLA-DR expression after flow cytometric sorting of GFP-expressing cells.
Histograms of GFP+ gated cells are depicted.
-
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Figure S4
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Figure S4. Puromycin selection of TAP-inhibited KG-1 cells bearing Ii siRNA. GFP+ KG-1/UL49.5/DR+ cells
retrovirally transfected with Ii siRNAs were selected by the addition of puromycin 2 days after transfection.
During this selection, we performed flow cytometric analyses of Ii and total HLA-DR expression levels in
permeabilized cells (dotplots), as well as plasma membrane expression of HLA-DR on intact, 7AAD- cells
(unfilled histograms). Stainings of the same cells with control IgG are shown as filled histograms.
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Because of severe bleeding complications, patients with acute promyelocytic leukemia (APL)
have to be treated with all-trans retinoic acid immediately following diagnosis. In addition to
morphology, flow cytometry contributes to a rapid detection of APL according to phenotypic
characteristics of leukemic cells. In some patients, these analyses are inconclusive or even
contradictory to diagnosis. Previously, we showed the clinical and functional impact of class
II-associated invariant chain peptide (CLIP) in acute myeloid leukemia (AML). This study focuses
on the analysis of CLIP expression on leukemic cells to characterize HLA-DR-negative AML,
including APL. We demonstrate exclusive and significant CLIP expression in all cases of typical
and variant APL, as compared to other HLA-DR-negative non-APL-type AML. CLIP appeared to
be a highly sensitive and specific flow cytometric marker, resolving discrepant identification
of both genetic subgroups. Our findings show the additive value of CLIP analysis for a fast and
unequivocal recognition of APL by flow cytometry in conjunction with morphology.

Introduction

8
CLIP and flow cytometric detection of APL

Acute promyelocytic leukemia (APL) is characterized by excessive proliferation of abnormal
promyelocytes bearing t(15;17)(q22;q12), which results in the expression of the PML-RARa
fusion transcript.1 Immediate recognition of this acute myeloid leukemia (AML) subtype is of
major importance, as it is associated with coagulation disturbances leading to early death; 2
rapid treatment with all-trans retinoic acid (ATRA) is required to control or prevent these severe
complications and improve the prognosis of APL patients.3;4 At present, classical morphology
showing bundles of Auer rods is the most commonly used and fast approach for detection prior
to the confirmation of PML-RARa gene rearrangement for diagnosis of APL. It can also assist
in the classification of hypergranular (‘typical’) and hypogranular (‘variant’) subforms of APL,
according to the World Health Organization (WHO) criteria.5 In variant APL cases, leukocyte
count is usually increased and associated with a worse clinical outcome, as compared to
typical APL cases.6;7 In some patients and in less experienced hands however, morphological
examination is inconclusive and could lead to delayed or even false negative or false positive
recognition of APL.
Another sensitive technique to identify APL is multicolor flow cytometry, which provides
distinctive immunophenotypes of leukemic promyelocytes. For both typical and variant APL,
bright and homogeneous expression of MPO, CD33 and CD117, heterogeneous expression of
CD13 and low expression or absence of CD34, HLA-DR, CD11b and CD15 are classically found. 5;8
Still, there are examples of HLA-DR-negative non-APL-type patients that display a similar
immunophenotype. Increased expression of CD56 has been described for APL, but only for
~20% of cases and even not specific.9;10 High side scatter is only a feature of typical APL,5 whereas
the expression of CD2 is mostly restricted to variant APL.11;12
HLA-DR is a molecule that plays a major role in HLA class II antigen presentation; in our
previous studies regarding this issue in AML, APL patients were excluded because of their low
or absent HLA-DR expression.13;14 One of the key mediators of HLA class II antigen presentation
is the invariant chain. A small remnant of this protein, the class II-associated invariant chain
peptide (CLIP), can be presented by HLA-DR complexes on the surface of leukemic blasts,
resulting in decreased immunogenicity.15 Interestingly, in APL cases, we observed that CLIP
was abundantly expressed at the surface of HLA-DR-negative leukemic promyelocytes. Here,
we studied the application of the analysis of CLIP expression in the discrimination of HLA-DRnegative AML subgroups, including APL, by flow cytometry.

Materials and Methods
From a cohort of 297 patients who subsequently presented with AML between 2004 and 2010,
16 cases were diagnosed with APL (5.4%) and 23 with HLA-DR-negative non-APL-type AML
(7.7%). HLA-DR-negative non-APL-type AML patients were defined as cases with less than 20%
of HLA-DR-expressing myeloid blasts. Blood and bone marrow samples were collected after
obtaining informed consent as part of routine diagnostic procedures at our department and
by the rules of our institute and the Helsinki Declaration. All patients were classified according
to the WHO2001 criteria, 5 and routinely screened for cytogenetics and molecular aberrancies
including t(15;17), PML-RARa transcripts (bcr1/bcr3) and FLT3-ITD. Cytogenetic risk groups
were defined as favorable [t(8;21), t(15;17) or inv(16)], standard (neither favorable nor adverse),
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or adverse [complex karyotype, -5 or -7, del(5q), abnormality 3q or 11q23], as previously
described.16
The following monoclonal antibodies were used for immunophenotyping of AML cases:
PE-conjugated c-MPO (Dako, Glostrup, Denmark), CD13 (BD, San Jose, CA), CD33 (BD), CD117
(BD), CD11b (BD), CD56 (BD), anti-CXCR4 (12G5 clone; BD PharMingen, San Diego, CA) and antiCLIP (cerCLIP.1 clone; Santa Cruz Biotechnology, Santa Cruz, CA); FITC-conjugated CD15 (BD),
CD11a (BD), CD18 (BD), CD2 (Dako) and anti-HLA-DR (L243; BD); PerCP-conjugated CD45 (BD);
and APC-conjugated CD34 (BD). Staining of cells was carried out by following local standard
operating protocols. Leukemic cells were analyzed by gating for the immature myeloid cell
compartment, defined as CD45dim/SSClow-int; in this compartment, the percentage of markerpositive cells was assessed as compared to unstained cells. For comparison, we also investigated
normal promyelocytes (SSChigh/CD34-/CD117+) from bone marrow aspirates of four different
healthy donors. Expression data were acquired on a FACSCalibur flow cytometer and analyzed
by using CellQuestPro software (both BD). We compared the differences in marker expression
between patient groups by the Mann-Whitney U test. We regarded p<0.05 as significant.

Results and Discussion
The main clinical and immunophenotypic characteristics of APL and HLA-DR-negative non-APLtype AML patients are demonstrated in Table 1. All of the patients with APL harboured t(15;17)
(q22;q12), while no rare variants such as t(11;17)(q23;q21) or t(5;17)(q35;q21) were encountered.
None of the HLA-DR-negative non-APL cases had cytogenetic abnormalities. There were no
significant differences in age, sex and FLT3-ITD (Table 1). Strikingly, FLT3-ITD was present in
all variant APL cases, and in none of the typical APL cases (Table 2). As expected, standard
immunophenotypic analysis of leukemic cells in APL showed significantly increased side scatter
(SSC) and CD2 expression, and decreased expression of CD11b and CD56, as compared to HLADR-negative non-APL-type AML (Table 1). Also, consistent with previous reports,6;11;17 we found a
significantly low SSC and high expression of CD34, CD2 and CD56 in variant APL, in comparison
with typical APL (Table 2).
In search of new immunophenotypic markers to distinguish APL from HLA-DR negative
non-APL-type AML, a reduced CXCR4 expression on leukemic promyelocytes was recently
described,18 which we were able to confirm in our patient cohort (p=0.0042, Table 1; 69%
sensitivity and 74% specificity). Furthermore, as previously shown,17 reduced expression of
CD11a and CD18 was seen in our cohort of APL cases, as compared to non-APL cases (data not
shown). Thus, decreased expression of certain markers is prevalently associated with APL. In
contrast, we observed a significantly high expression of CLIP on all leukemic promyelocytes
(both typical and variant subforms) when compared to HLA-DR-negative non-APL-type blasts
(means of 90±6% and 8±17%, respectively; p<0.0001, Table 1). Only in 2 out of 23 HLA-DRnegative non-APL cases, an increased CLIP expression of 44% and 73% was seen; nevertheless
all APL cases revealed a CLIP expression of at least 82% (Figure 1A). The large mean difference in
expression implicates a potential role of CLIP to separate APL from other HLA-DR-negative AML
patients. Using CLIP as additional marker, a correct classification of APL by flow cytometry was
obtained for all cases (100% sensitivity and 95% specificity). Despite the significant differences
in HLA-DR (p=0.0030), CLIP expression was equally high between typical and variant APL
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Table 1. HLA-DR-negative AML.
APL*

non-APL†

p-value

16
6/10
45 (21-68)

23
13/10
57 (22-75)

0.0079

16 (100)
0 (0)

0
4 (17)

0 (0)
0 (0)
0 (0)
0 (0)

5 (22)
7 (30)
1 (4)
2 (9)

0 (0)
0 (0)

1 (3)
3 (13)

8 (50)
8 (50)
0 (0)

11 (48)
9 (39)
3 (13)

16 (100)
0 (0)
0 (0)
0 (0)

0 (0)
15 (65)
0 (0)
8 (35)

3.2 (1.6-4.5)
27 (0-90)
94 (84-99)
10 (0-44)
89 (55-99)
94 (37-99)
74 (21-97)
6 (1-33)
3 (0-11)
25 (0-78)
10 (0-64)
22 (1-97)
90 (82-98)

1.9 (1-3.5)
26 (0-99)
76 (0-99)
4 (0-17)
61 (1-99)
91 (33-99)
75 (1-99)
21 (0-86)
10 (0-99)
2 (0-25)
38 (0-99)
48 (8-100)
8 (0-73)

8

0.0003
0.3301
0.6473
0.5191
0.1228
0.5826
0.5392
0.0024
0.8078
0.0005
0.0079
0.0033
<0.0001

CLIP and flow cytometric detection of APL

Number of patients
Male/female
Age in years at diagnosis, mean
WHO 2001 classificiation
AML with recurrent genetic abnormalities
AML with t(15;17)(q22;q12)
AML with multilineage dysplasia
AML not otherwise categorized
AML without maturation
AML with maturation
Acute monoblastic and monocytic leukemia
Acute megakaryoblastic leukemia
AML of ambiguous lineage
Biphenotypic acute leukemia
AML (not classifiable)
FLT3-ITD
Normal
Heterozygous
Not done
Cytogenetic risk group
Favorable
Standard
Adverse
Not applicable
Immunophenotype, mean‡
SSC (ratio)§
CD34 (%)
c-MPO (%)
HLA-DR (%)
CD13 (%)
CD33 (%)
CD117 (%)
CD11b (%)
CD15 (%)
CD2 (%)
CD56 (%)
CXCR4 (%)
CLIP (%)

Clinical parameters were not significantly different between groups unless otherwise indicated. APL, acute promyelocytic leukemia; FLT3-ITD, internal tandem duplication of the FLT3 gene; SSC, side scatter; WHO, World
Health Organization.
* Classification according to morphology and presence of PML-RARa. 5
† PML-RARa-negative AML patients with less than 20% myeloid cells expressing HLA-DR.
‡ Numbers in brackets represent the percentage or range of each variable within the patient group.
§ Median SSC ratio between myeloid cells and CD45bright lymphocytes in the same sample.
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Table 2. Typical and variant APL.

Number of patients
Male/female
Age in years at diagnosis, mean (range)
t(15;17)

Typical APL

Variant APL*

8

8

3/5

5/3

43 (21-65)

47 (37-68)

8

8

p-value

PML-RARa transcript
bcr1

6 (75)

0 (0)

bcr3

1 (13)

6 (75)

Not done

1 (13)

2 (25)

0

8

SSC (ratio)

3.7 (2.6-4.5)

2.6 (1.6-3.4)

CD34 (%)

5 (0-17)

48 (2-90)

0.0011

94 (81-98)

95 (84-99)

0.3823
0.0030

FLT3-ITD, heterozygous

8

Immunophenotype, mean

c-MPO (%)
HLA-DR (%)

0.0281

1 (0-5)

19 (1-44)

CD13 (%)

88 (55-99)

89 (68-99)

0.9591

CD33 (%)

97 (94-99)

91 (37-99)

0.7984

CD117 (%)

82 (64-97)

74 (51-95)

0.5054

CD11b (%)

3 (1-5)

8 (2-33)

0.1949

CD15 (%)

4 (1-11)

2 (0-4)

0.3823

CD2 (%)

2 (0-5)

48 (10-68)

0.0002

CD56 (%)

2 (0-8)

19 (1-64)

0.0148

17 (1-60)

27 (4-97)

0.5728

89 (83-98)

91 (82-98)

0.3823

CXCR4 (%)
CLIP (%)

Genetic aberrancies were determined according to routine cytogenetics and molecular analyses. APL, acute promyelocytic leukemia; bcr, breakpoint cluster region, an isoform of PML-RARa; FLT3-ITD, internal tandem duplication of the FLT3 gene; PML, promyelocytic leukemia; RAR, retinoic acid receptor; SSC, side scatter.
* Classification of APL subforms according to morphology. 5
† Numbers in brackets represent the percentage or range of each variable within the patient group.
‡ Median SSC ratio between myeloid cells and CD45bright lymphocytes in the same sample.

subforms (Figure 1A). In control experiments, normal promyelocytes from healthy donors
revealed only very low surface CLIP expression (mean 3±0.3%, p=0.0029 as compared to APL,
Figure 1A and data not shown). Normally, CLIP is associated with HLA class II molecules, but
we observed that in APL, the absence of HLA-DR was accompanied by a remarkable lack of all
HLA class II isoforms (n=6, data not shown). The underlying mechanism for this HLA class IIindependent CLIP presentation is currently not understood and under investigation.
To illustrate the additive value of CLIP for the flow cytometric recognition of APL, we will
discuss three representative AML cases (Figure 1B). Leukemic cells of these cases revealed a
similar expression pattern of routinely analyzed markers; i.e., high levels of MPO, CD117 and
CD33, heterogeneous levels of CD13, low levels of CD11b, CD15, CD2 and CD56 (data not shown)
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Patient 1: typical APL
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Patient 3: non-APL

Figure
1. The use of CLIP for discrimination of APL and HLA-DR-negative non-APL by flow cytometry.
Figure 1. The use of CLIP for discrimination of APL and HLA-DR-negative non-APL by flow cytometry. (A)
(A) Overview of CD34, HLA-DR and CLIP expression on leukemic cells from patients diagnosed with typical
Overview of CD34, HLA-DR and CLIP expression on leukemic cells from patients diagnosed with typical APL
APL (‘APL’, n=8), variant APL (‘APLv’, n=8) or HLA-DR-negative non-APL-type AML (‘non-APL’, n=23).
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and absence of CD34 and HLA-DR (Figure 1B). The increased SSC in patients 1 and 2 reflecting
granular blasts or granulocytic differentiation suggests typical APL for both cases. Since a
less high SSC in patient 3 could also fit the immunophenotype of the variant APL form, this
case might be diagnosed with either APL or HLA-DR-negative non-APL-type AML. According
to morphology, patient 1 was classified as typical APL, patient 2 as HLA-DR-negative non-APL
and patient 3 as variant APL, demonstrating a discrepancy between flow cytometric and
morphological analysis for patient 2 and 3. Following subsequent examination of the PMLRARα gene and conventional cytogenetics, patient 1 was indeed diagnosed with typical APL,
but patients 2 and 3 were negative for this translocation and thus regarded as HLA-DR-negative
non-APL-type AML. Consistent with this, leukemic cells of patients 2 and 3 (‘non-APL’) did not
express CLIP in contrast to the high CLIP expression found for patient 1 (‘typical APL’; Figure
1B). This shows that standard immunophenotyping and morphological examination can be
misleading, but that incorporation of CLIP analysis can distinguish APL, including variant APL,
from HLA-DR-negative AML.
Multicolor flow cytometry of surface markers on leukemic cells is considered as one of
the most fast and easy-to-use techniques to identify genetic subgroups in patients with AML.
For the identification of APL, progress has been made in intracellular analysis of PML-RARa
fusion proteins by flow cytometry.19 but it is not yet common practice. In the present study,
we introduce cell surface CLIP expression (>80%) as a positive marker in case of HLA-DRnegative AML to characterize APL by the use of flow cytometric analysis alone. Irrespective
of the requirement for molecular diagnostic testing, inclusion of this marker in present AML
immunophenotyping protocols may attribute to rapid identification of APL, thereby shortening
the time to treatment of APL patients.
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Antigen presentation by HLA-I and HLA-II is achieved by proteins that are specific for their
respective processing pathway. Here we demonstrate the involvement of the invariant chain
(Ii), a classical HLA-II chaperone, in HLA-I antigen presentation by leukemic cells. In HLA-IInegative AML cells, we found plasma membrane display of the CLIP epitope, the Ii peptide
that mediates promiscuous binding to HLA-II. Silencing Ii in AML cells resulted in reduced
HLA-I cell surface display and disruption of intracellular HLA-I/Ii complexes. In HLA-I-specific
peptide eluates from B-LCLs, five Ii-derived peptides were identified, of which two were from
the CLIP region. In vitro peptide binding assays strikingly revealed that the eluted CLIP peptide
RMATPLLMQALPM efficiently bound to four distinct HLA-I supertypes (-A2, -B7, -A3, -B40).
Furthermore, shorter length variants of this CLIP peptide also bound to these four supertypes,
although in silico algorithms only predicted binding to HLA-A2 or -B7. Together these data
show a remarkable promiscuity of the CLIP peptide for binding to a wide variety of HLA-I and
-II molecules. The observed participation of both Ii and CLIP in the HLA-I antigen presentation
pathway could reflect an aberrant process in leukemic cells, but might also lead to elucidation
of novel processing pathways or immune escape mechanisms.
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In immune surveillance against invading pathogens and tumor cells, antigen processing and
presentation by HLA molecules is essential for induction of potent T cell-mediated immunity.
Classically, exogenously derived antigens, such as bacterial components, are processed
in the endosomal/lysosomal system for loading onto HLA class II (HLA-II) complexes. After
synthesis in the endoplasmic reticulum (ER), the HLA-II heterodimer binds to the invariant
chain (Ii) for transport into this pathway.1 Here, Ii is cleaved until only a small fragment, the
class II-associated invariant chain peptide (CLIP) remains bound to the class II peptide-binding
groove. 2 In MHC class II loading compartments (MIICs), CLIP is exchanged for an antigenic
peptide with aid of HLA-DM,3;4 and HLA-II/peptide complexes are exported to the plasma
membrane and presented to CD4+ T cells. In tumor cells that have APC function, efficient
processing of endogenous, potentially tumor-associated antigens (TAAs) is pivotal for T cell
priming of and/or recognition by specific effector T cells. We and others previously showed
that such endogenous antigen presentation can also involve HLA-II complexes.5;6 Ii silencing
in certain tumor cells down-modulates CLIP, but not HLA-II expression levels7 and results in
increased presentation of endogenous antigens and tumor-specific CD4+ T cell activation.5;8
These studies contradict with the proposed requirement of Ii for stabilization and transport
of HLA-II,9 but agree with its function in preventing binding of endogenous peptides to HLA-II
complexes in the ER.10
For HLA-I antigen presentation, endogenous proteins, e.g., tumor- and virus-associated
proteins, are normally degraded by the cytoplasmic proteasome followed by translocation of
peptides into the ER via the transporter associated with antigen processing (TAP) molecule.
Here, peptides with the appropriate binding motif associate with newly formed HLA class I
(HLA-I) heterodimers and are transported to the plasma membrane for presentation to CTLs
(reviewed in ref. 11). Professional APCs, including macrophages, dendritic cells (DCs) and B
cells, have well-equipped machinery to detect, internalize and process exogenous antigens.
These antigens are processed for HLA-II-mediated presentation, but can also be routed for
presentation by HLA-I, resulting in cross-priming of CTLs (reviewed in ref. 12). Two general
routes for this so-called cross-presentation have been described: exogenous antigens are
degraded and directly loaded onto HLA-I molecules in the endo-lysosomal pathway 13 or,
alternatively, gain access to the cytoplasm for proteasome-dependent processing and are
directed either back into endosomes or the ER via TAP.14;15 The precise mechanism by which
HLA-I molecules may enter the endo-lysosomal pathway is poorly defined.
Ii is a type II transmembrane protein that exists in different isoforms and contains one or
more internal targeting signals for specific transport of newly synthesized HLA-II complexes
to the MIICs.16;17 In addition to its role in HLA-II transport, the role of Ii as chaperone seems
to be more versatile. Ii binds to the actin-based motor protein myosin-II to negatively affect
DC migration,18 to adhesion molecule CD44 to activate T cells,19 as well as to costimulatory
molecule CD70 for targeting to the MIICs. 20 In the present study, we show an accessory role for
Ii and CLIP in HLA-I processing and antigen presentation by leukemic cells.

159

Materials and Methods
Patient material
Bone marrow samples from nine newly diagnosed acute myeloid leukemia (AML) patients
were collected after obtaining written informed consent and according to the Declaration
of Helsinki. This was approved by the review board (‘Medisch Ethische Toetsingscommissie,
METc’) of the VU University Medical Center, Amsterdam, The Netherlands. Classification of
acute promyelocytic leukemia (APL) was based on standard genetic and molecular detection
of t(15;17), as part of routine diagnostic procedures at our department. HLA-DR-negative AML
patients contained high numbers of myeloid cells (>80% of the total WBC count), which were
defined as CD45dim/SSClow-int by flow cytometry. Mononuclear cells were isolated using FicollPaquePLUS (Amersham Biosciences, Freiburg, Germany) and directly used for protein analysis
or cryopreserved in liquid nitrogen.
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Cell lines and culturing
Human leukemia cell lines KG-1, THP-1 and Kasumi-1 were purchased from the American
Type Culture Collection (ATTC). KG-1 cells were maintained in IMDM (Gibco, Paisley, UK)
supplemented with 20% FBS (Greiner, Alphen a/d Rijn, The Netherlands), 25 mM Hepes (SigmaAldrich, St Louis, MO), 1% L-glutamine and 50 mM 2-ME (both Gibco). THP-1 and Kasumi-1
were cultured in RPMI 1640 medium (Gibco) containing 10% and 15% FBS, respectively. For
peptide elutions, Epstein-Barr virus (EBV)-transformed B-lymphoblastoid cell lines (B-LCLs)
were generated from peripheral blood mononuclear cells (PBMC) from healthy blood donors
or patients. This was performed in approval with the Leiden University Medical Center review
board. EBV-transformed B-LCL JY, PHEB and 5544 were cultured in IMDM containing 8% FBS,
100 IU/ml penicillin and 2 mM L-glutamine. For the competition-based peptide binding assays,
B-LCLs expressing HLA-I alleles of interest were a generous gift from Dr. J. Kessler (Leiden
University Medical Center). 21 T2 cells were obtained from Dr. P. Cresswell (Yale University School
of Medicine, New Haven, CT).
Antibodies and immunofluorescence stainings
We used the following mouse monoclonal antibodies (mAbs): PE-labeled anti-CLIP (clone
cerCLIP.1; Santa Cruz Biotechnology, Santa Cruz, CA) and anti-HLA-ABC (clone W6/32; Dako,
Glostrup, Denmark); FITC-labeled CD74, anti-HLA-DR (clone L243) and anti-HLA-DRPQ; PerCPlabeled CD45 (all BD Biosciences, San Jose, CA). Anti-Ii mAb (clone PIN1.1) was kindly provided
by Dr. P. Cresswell.
For immunofluorescence, cells were incubated with 10% human g-globulin (60 mg/
ml; Sanquin, Amsterdam, The Netherlands) before the mAb of interest was added. Surface
staining was performed during 15 min at room temperature (RT). Intracellular staining for Ii
was carried out on cells fixed with PBS 1% paraformaldehyde and permeabilized with PBS 0.1%
saponin (Sigma-Aldrich). After incubation with PIN1.1 for 30 min at RT, cells were stained for 20
min with a secondary, PE-labeled rabbit anti-mouse (RAM) IgG (Dako). Each incubation step
was followed by two washing steps in PBS with 0.1% HSA and 0.05% sodium azide. We used a
FACSCalibur flow cytometer and CellQuestPro software (both BD) to analyze the percentage of
positive cells. Leukemic cells of AML patients were defined by CD45 dim/SSClow expression.
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Retrovirus production and transduction
Ii expression was silenced using the retroviral pSIREN-RetroQ vector (Clontech, Palo Alto, CA)
consisting of a puromycin resistance gene together with a cloned Ii siRNA insert (sequence no.
53). 22 Retrovirus, a kind gift from Dr. S. Ostrand-Rosenberg (University of Maryland, Baltimore,
MD), was produced as reported. 23 For retroviral transduction, 1 x 106 cells/ml were cultured
until 40% confluency. Following washing with PBS, cells were resuspended in DMEM (Gibco)
containing 10% FBS, 10 mM Hepes and polybrene, followed by the drop-wise addition of
retroviral supernatant to attain a polybrene concentration of 4 mg/ml. Cells were incubated
at 37°C for 6 h, washed three times with excess PBS and kept in culture medium for three days.
Subsequently, 0.5 mg/ml puromycin was added and increased gradually during a period of
two weeks to a final concentration of 1.0 mg/ml in order to select Ii siRNA-transduced cells. Ii
expression in transduced cells was checked by flow cytometric analysis. The process of siRNA
formation and retroviral transduction itself was validated not to affect Ii expression. 6;22
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Co-immunoprecipations and Western blotting
10 - 20 x 106 snap-frozen cells were dissolved in ice-cold lysis buffer, consisting of PBS with
1% Ipegal and 15% protease inhibitor cocktail (Complete, 1 tablet/7.5 ml H2O; Boehringer
Mannheim, Mannheim, Germany). Cell remnants and nuclei were removed by centrifugation
(5 min, 10,000 g) and protein content was assessed by the Bio-Rad protein assay (Biorad
Laboratories, Hercules, CA). Equal amounts of whole cell lysate (~0.5 mg) per sample were
precleared using 1.0 mg/ml mouse IgG1 or IgG2a and 20 ml/ml Protein G PLUS-Agarose reagent
(Santa Cruz Biotechnology) for 30 min. Proteins were immunoprecipitated overnight with
specific mAb and Protein G PLUS-Agarose reagent. Immunoprecipitates were washed four
times with PBS and taken up in either reducing (for anti-Ii and -DRa immunoblots) or nonreducing (for anti-HLA-I immunoblots) electrophoresis sample buffer.
Western blotting was performed by electrophoresis of samples on 12.5% polyacrylamide
gels with SDS and their subsequent transfer onto methanol-activated PVDF membranes.
Different protein amounts from whole cell lysates were used for loading on gel: 10 mg for DRa,
20 mg for Ii and 40 mg for HLA-I. Membranes were pre-incubated for 1 h at 4°C in blocking
buffer (5% blotting grade nonfat milk [Biorad]) in TBS-T; 10 mM Tris-HCl, pH 8.0, 0.15 M NaCl,
0.1% Tween-20) and incubated overnight with mAbs against Ii (clone PIN1.1), 24 DRa (clone
1B5)25 or HLA-I (clone W6/32). 26 After washing with TBS-T (4x), the membranes were incubated
for 1 h with HRP-conjugated swine anti-rabbit or goat anti-mouse antibody (both Dako).
TrueBlot™ ULTRA anti-mouse IgG (eBioscience, San Diego, CA) was used to limit the detection
of immunoprecipitated heavy and light chains. Protein complexes were visualized using
Amersham ECL Western Blotting Detection Reagents (GE Healthcare, Buckinghamshire, UK).
HLA-I peptide isolation, HPLC and MS
HLA-I/peptide complexes were purified from >10 10 EBV-transformed B-LCLs by affinity
chromatography using protein A beads (GE Healthcare) covalently bound to mAbs against
HLA-I (clone W6/32; used for B-LCL JY) or HLA-A2 (clone BB7.2, ref. 27; used for B-LCL PHEB
and 5544). Peptides were eluted from isolated HLA-I molecules and separated from class
I heavy chains and b2m by passage through Centriprep filtration units with a 10 kD, and the
complex peptide pool was fractionated on a 15 cm x 200 mm RP-C18 (Reprosil- Pur C18-AQ 3 mm)
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column, packed in house. The gradient was run from 0 to 50% solvent B (10/90/0.1 v/v/v water/
acetonitrile/formic acid) in 45 min.
Peptide fractions from the first dimension separation were reduced to near dryness and
resuspended in 95/3/0.1 v/v/v water/acetonitrile/formic acid. These resuspended fractions
were analyzed by on-line nano-HPLC mass spectrometry using a system earlier described. 28
Fractions were injected onto a precolumn (100 mm x 15 mm; Reprosil-Pur C18-AQ 3 mm, 5 mm,
Phenomenex) and eluted via an analytical nano-HPLC column (15 cm x 50 mm; Reprosil- Pur
C18-AQ 3 mm). The gradient was run from 0 to 50% solvent B (10/90/0.1 v/v/v water/acetonitrile/
formic acid) in 90 min. The nano-HPLC column was drawn to a tip of approximately 5 mm and
acted as the electrospray needle of the MS source.
The mass spectrometer was an LTQ-FT Ultra (Thermo, Bremen, Germany), operating in
data-dependent mode and automatically switching between MS and MS/MS acquisition. Full
scan mass spectra were acquired in the FT-ICR with a resolution of 25,000 at a target value
of 5,000,000. The two most intense ions were then isolated for accurate mass analyses by a
selected ion monitoring scan in FT-ICR with a resolution of 50,000 at a target accumulation
value of 50,000. The selected ions were then fragmented in the linear ion trap using collisioninduced dissociation at a target value of 10,000. In a post analysis process, raw data were
converted to peak lists using Bioworks Browser software, Version 3.1. For peptide identification,
MS/MS data were submitted to the human IPI database using Mascot Version 2.2.04 (Matrix
Science) with the following settings: 2 ppm and 0.8-Da deviation for precursor and fragment
masses, respectively; no enzyme was specified. Mascot output files were loaded into Scaffold
(http:// www.proteomesoftware.com) and exported to Excel.
HLA class I binding prediction and synthesis of peptides
The capability of peptides to bind to which HLA-I molecules was predicted via the netMHC
server (http://www.cbs.dtu.dk/services/NetMHC), 29;30 which makes use of approximation
algorithms via artificial neural networks (ANNs) and is trained on 9- to 11-mer peptides to predict
binding to HLA-I antigen binding pockets. Predicted peptides were synthesized by standard
Fmoc chemistry and using a Syro II peptide synthesizer (MultiSyntech, Witten, Germany), as
described previously.31 The integrity of each peptide was routinely validated by HPLC and mass
spectrometry.
Competition-based cellular peptide binding assay
To test binding affinity of eluted and predicted peptides to HLA-I, competition-based cellular
peptide binding assays were performed as described earlier. 21 In short, B-LCLs were treated
with a mild acid (1:1 mixture of 0.263M C6H8O7*H2O and 0.126M Na2HPO4*2H2O) for 1 min to
remove the naturally HLA-I bound peptides. Cells were buffered with cold IMDM containing
2% FCS immediately thereafter and resuspended at a concentration of 4 x 10 5 cells/ml in 2% FCS
and 1.5 mg/ml human b2m (Sigma-Aldrich). Then, 4 x 104 cells/well were incubated with 150 nM
of fluorescence labeled reference peptide and a serial dilution of one of the eluted or predicted
peptides. After overnight incubation at 4ºC, cells were washed twice in PBS supplemented
with 1% BSA and fixed in 0.5% paraformaldehyde. Cells were analyzed with CellQuestPro or
FlowJo software (Tree Star, Ashland, OR). IC50 values were defined with GraphPad Prism 4.02
(GraphPad Software Inc., La Jolla) using the following formula: Y=Bmax*X/(IC50+X), in which
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Bmax is the maximal binding capacity of the positive control peptide, X the concentration of
peptide tested and IC50 the concentration of peptide needed to reach half-maximal binding.

Results

Ii silencing in myeloid leukemia cell lines differentially influences HLA-I expression
As in the mutant TAP- and HLA-II-deficient T2 cell line, the precursor of CLIP, Ii, was shown to
interact with certain HLA-I alleles,33 we next investigated whether there was a relation between
Ii and HLA-I expression in CLIP-presenting and non-presenting leukemic cells. Retroviral
introduction of Ii-specific siRNAs strongly down-modulates CLIP expression on several myeloid
leukemia cell lines, as we recently shown. 7 When these cell lines were assessed for HLA-I
expression by flow cytometry, KG-1 cells, which present low surface levels of CLIP,34 revealed
hardly any effect of Ii silencing (Figure 1C). In THP-1 cells, which highly express CLIP,34 however,
silencing of Ii induced a strong reduction in HLA-I surface expression (Figure 1C), demonstrating
involvement of Ii in plasma membrane expression of HLA-I in CLIP-presenting leukemic cells.
This role of Ii might rely on the capability to process endogenous antigens for loading in the
ER, since TAP expression was limited in THP-1 cells, in contrast to KG-1 cells (Supplementary
Figure S1).
To evaluate the effect of Ii silencing on HLA-I expression in more detail, we used a second
CLIP+ TAP-deficient leukemia cell line, the Kasumi-1, which abundantly expressed Ii compared
to the other two leukemia cell lines (Supplementary Figure S1). Western blot analysis of total
cell lysates showed a striking increase in the amount of free HLA-I heavy chains (43 kD) in Iisilenced cells compared to wild-type cells (Figure 1D). The amount of b2m-associated heavy
chains (55 kD) remained constant. Interestingly, Ii down-regulation caused a disappearance
of high molecular weight complexes of HLA-I, as these observed bands (~95 kD) in wild-type
cells were absent in Ii-silenced cells (Figure 1D). These data show the impact of Ii on HLA-I
complex formation in Kasumi-1 cells, indicating a direct role for this chaperone molecule in
HLA-I processing by leukemic cells.
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CLIP presented on HLA-DR-negative leukemic cells from patients is not explained by
plasma membrane expression of HLA-II or CD74
We found that patients with acute promyelocytic leukemia (APL), a genetically determined
subtype of HLA-DR-negative acute myeloid leukemia (AML),32 contained a high frequency
of leukemic cells with surface display of the CLIP epitope. Because CLIP expression was not
observed on normal promyelocytes from healthy individuals, this remarkable observation may
suggest that CLIP presentation at the plasma membrane of these leukemic cells is leukemiaspecific and occurs in the context of other HLA-II isotypes or as unprocessed Ii. To examine
the underlying mechanism of CLIP presentation, we analyzed expression of total HLA-II and
CD74 (i.e., unprocessed Ii) at the plasma membrane. Flow cytometric analysis however showed
a lack of these molecules on HLA-DR-CLIP+ leukemic cells (Figure 1A-B), which shows that the
expression of CLIP can neither be attributed to HLA-DP- or HLA-DQ-mediated presentation,
nor to the expression of unprocessed Ii.
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HLA-I molecules form heterodimeric complexes with Ii in myeloid leukemia cell lines
To investigate whether Ii was directly associated with HLA-I complexes in leukemic cells, we
immunoprecipitated Ii from several leukemia cell lines and analyzed the interaction with HLA-I
molecules on immunoblots.
For all three cell lines, anti-HLA-I staining of Ii immunoprecipitates showed a band around
95 kD, in contrast to IgG control immunoprecipitates (Figure 2A). This was confirmed by
anti-b2m staining (Supplementary Figure S2) and in agreement with the earlier detection
of high molecular weight bands of HLA-I that depended on the presence of Ii (Figure 1D).
The observed band of ~95 kD seemed to be less intense in CLIP- KG-1 cells, as compared to
CLIP+ THP-1 and Kasumi-1 cells, indicating reduced formation of HLA-I/Ii complexes. HLA-I
immunoprecipitations showed a band with comparable molecular weight (Figure 2A), which
demonstrates that the 95 kD bands encountered in Ii immunoprecipitates were specific for
HLA-I. For further validation, we also performed anti-Ii stainings for these immunoprecipitates
(Figure 2B), which were restricted to reducing conditions. HLA-I immunoprecipitations had
different isoforms of Ii, as Ii p33 was predominantly present in KG-1 and THP-1 cells, while Ii p41
was only found in Ii-high Kasumi-1 cells. Moreover, under these conditions, still bands of ~95
Figure 2A+BkD were observed in the same HLA-I immunoprecipitates of CLIP+ THP-1 and Kasumi-1 cells, but
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Figure 2. Complex formation of HLA-I molecules with Ii in myeloid leukemia cell lines. HLA-I (A) and Ii
(B) immunoblots of Ii and HLA-I immunoprecipitates from KG-1, THP-1 and Kasumi-1 leukemic cell lysates
were performed under non-reducing (A) and reducing (B) conditions using the W6/32 and PIN1.1 mAb,
respectively. As a negative control, IgG immunoprecipitates were assessed at the same time. Free HLA-I
heavy chains (43 KD), HLA-I/β2m heterodimers (55 kD) and HLA-I/Ii complexes (~95 kD), as well as the Ii
p33 and p41 isoforms were observed.
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Figure 3
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Figure 3. HLA-I/invariant chain complexes are found in CLIP epitope-positive, but not in CLIP-negative
primary leukemic cells. HLA-I complexes in leukemic cells of CLIP-positive HLA-DR- APL patients (samples
1 and 2) and a CLIP-negative HLA-DR- AML patients (samples 3 and 4), as well as the HLA-DR+ KG-1 cell
line (sample 5) and an HLA-DR+ AML patient (sample 6). Immunoblots were loaded with total lysates of
myeloid cells and stained with the W6/32 mAb under non-reducing conditions. Free HLA-I heavy chains
(43 KD), HLA-I/b2m heterodimers (55 kD) and HLA-I/Ii complexes (~95 kD) can be seen, in particular for
CLIP-positive cells.

not of CLIP- KG-1 cells, which suggests that HLA-I/Ii complexes are more stable in CLIP+ leukemic
cells. Of note, all cell lines showed intracellular Ii expression (Supplementary Figure S1).
Thus, HLA-I molecules interact with Ii to form stable complexes in leukemia cell lines, which
could account for HLA-II-independent presentation of CLIP at the cell surface.
CLIP-presenting HLA-DR- leukemic cells from patients contain a high amount of HLA-I/Ii
complexes
To determine whether primary leukemic cells also express the high molecular HLA-I product
that associated with Ii, we analyzed total lysates of CLIP+ and CLIP- leukemic cells derived from
different patients.
For APL patients with CLIP+HLA-DR- leukemic cells, as described in Figure 1A and B, similar
high molecular HLA-I complexes (~95 kD) were seen, while the amount of HLA-I monomers (55
kD) was limited, as determined by Western blot analysis of HLA-I (Figure 3). CLIP non-presenting
leukemic cells did not show these complexes, whereas HLA-I products of lower molecular
weight were visible, irrespective of HLA-DR expression. This indicates that HLA-I molecules are
predominantly able to associate with Ii in CLIP-expressing leukemic cells. These observations
in primary CLIP+ APL leukemic cells are in agreement with the effect of Ii down-modulation on
HLA-I expression by CLIP+ myeloid leukemia cell lines (Figure 1C and D). Together, these data
show that Ii can interact with HLA-I molecules, suggesting that Ii products like CLIP may be
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generated by alternative HLA-I processing and that CLIP presentation by HLA-I might reflect
HLA-II-independent expression of CLIP on leukemic cells.
Peptides derived from Ii are presented at the cell surface by HLA-I molecules
We next assessed whether HLA-I molecules can indeed present Ii-derived peptides at the
plasma membrane. The peptide repertoires of HLA-I molecules on EBV-transformed B cells,
including CLIP-positive JY cells (Supplementary Figure S3) were evaluated through biochemical
purification. Out of the total characterized peptide repertoire, five peptides were derived from
the Ii protein (Figure 4 and Table 1), the sequences of which were validated by mass spectrometry
according to their synthetic counterparts. Remarkably, two peptides were located within or
near the CLIP region, known for its association with HLA-II peptide-binding grooves. Isolation
of the five identified peptides was restricted to HLA-A0201 and HLA-B0702 alleles presented
on EBV-transformed B cells. To examine the HLA-I allele specificity and binding affinity of these
peptides, competition-based peptide binding assays were performed (Table 1). Four out of five
peptides had binding capacity to the B0702 allele and three of these were even categorized
as high affinity binders. Notably, peptide 1 and peptide 3, the peptide located within the CLIP
region, also bound to the A0201 allele, which might suggest a promiscuous binding capacity of

Table 1. HLA-I binding affinity of eluted peptides derived from Ii.
HLA-I allele

HLA-A201

HLA-B0702

Peptide sequence

IC50†

Affinity‡

1

SRGALYTGFSIL

10.89

2

LLAGQATT

>100

Peptide no.*

IC50

Affinity

Int

1.39

High

-

40.85

Low

3

RMATPLLMQALPM

13.66

Int

0.36

High

4

LPMGALPQGPM

>100

-

0.41

High

5

ETIDWKVFESW

>100

-

>100

-

CLIP association with HLA-I processing in leukemic cells

Figure 4. Ii-derived peptides identified in isolated HLA-I molecules of B-LCLs. Peptide elutions of purified
HLA-I molecules from EBV-transformed B-LCLs resulted in the identification of five peptides originating
from the invariant chain. HLA-I purification and subsequent mass spectrometry analysis are described in
Materials and Methods. Of note, peptides 3 and 4 are located in the CLIP region of Ii, known for universal
binding to HLA-II molecules.

9

* See Figure 4 for amino acid position in the invariant chain protein
† IC50 is the concentration used to obtain half maximal competition and represents the mean value of two independent experiments.
‡ Binding affinity is classified according to the following IC50 cut-off values: high affinity, ≤5 mM; intermediate (int)
affinity, 5-15 mM; low affinity, 15-100 mM; no binding, >100 mM. 21
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these peptides to HLA-I. Altogether, these data demonstrate that surface HLA-I molecules are
able to present a variety of peptides generated from Ii.

9

Ii-derived peptides located at the CLIP region show promiscuous binding to various HLA-I
alleles
As CLIP is known to bind promiscuously to the binding groove of a broad range of HLA-II
molecules,35 we further explored the HLA-I binding specificity of the eluted peptide located
at the CLIP region of Ii (peptide no. 3; Figure 4 and Table 1). This naturally presented peptide
(RMATPLLMQALPM) demonstrated a high affinity for both HLA-A0201 and -B0702 (Table 1).
To determine if peptide RMATPLLMQALPM could bind promiscuously to HLA-I molecules,
we addressed its binding capacity to HLA-I molecules bearing structurally different binding
grooves. HLA-I molecules are classified according to overlapping binding repertoires and
consensus structures in the main peptide binding pockets, so-called supertypes. 36 HLA-A0201
and -B0702 are well known representatives of the A2 and B7 supertype, respectively. The
same accounts for HLA-A0301 and -B4002, which represent the common supertypes A3 and
B40.36 Interestingly, peptide RMATPLLMQALPM bound with a relatively high affinity to all four
HLA-I alleles (Figure 5), which have completely different peptide-binding grooves, suggesting
that the CLIP sequence involved in promiscuous HLA-II binding also underlies a promiscuous
binding to HLA-I molecules.
This unexpected finding prompted us to systematically assess length variants of peptides
located in the CLIP region of Ii for such promiscuous binding feature. The CLIP amino acid
sequence of Ii was subjected to standard HLA-I binding prediction algorithms for 9- to 11-mer
peptides, 29;30 which resulted in highly predictive values of three length variants (9-, 10- and
11-mer) of the naturally presented 13-mer RMATPLLMQALPM (Table 2). The three peptides
were predicted to selectively bind to HLA-A2 subtypes and, in case of the 11-mer, also to -B7
subtypes. Subsequently, we tested these predicted peptides for actual binding to our selected
alleles representing four different supertypes, HLA-A0201, -B0702, -A0301 and -B4002. In

Table 2. HLA-I binding affinity of peptide length variants located in the CLIP region of Ii.
HLA-I allele
Peptide sequence

HLA-A201

HLA-B0702

HLA-A0301

HLA-B4002

Position† Predicted allele‡ IC50§ Affinity¶ IC50 Affinity IC50 Affinity IC50 Affinity

RMATPLLMQALPM* 92-104

NA

13.81

Int

0.36

High

3.35

High

3.43

High

KMRMATPLL

A0201

10.90

Int

0.47

High

6.43

Int

0.44

High

90-98

RMATPLLMQA

92-101

A0201

8.08

Int

7.75

Int

2.45

High

2.05

High

RMATPLLMQAL

92-102

A0201+ B0702

4.49

High

1.85

High

4.28

High

0.48

High

* Peptide found with HLA-I elutions
† Amino acid (AA) position in the invariant chain protein
‡ Predicted HLA-I allele to which the peptide binds. Peptide binding prediction was done with netMHC (http://
www.cbs.dtu.dk/services/NetMHC). Binding predictions can be made for peptide lengths between 8 and 11 for all
alleles with a novel approximation algorithm using artificial neural networks trained on 9-mer peptides. 29;30 Only
peptides are shown with a predicted binding affinity of 500 nM or stronger.
§ IC50 is the concentration used to obtain half maximal competition and represents the mean value of two
independent experiments.
¶ Binding affinity is classified according to the following IC50 cut-off values: high affinity, ≤5 mM; intermediate
(int) affinity, 5-15 mM; low affinity, 15-100 mM; no binding, >100 mM. 21
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peptide binding (% inhibition)

van Luijn et al

100

A0201

100

A0301

100

B0702

100

75

75

75

75

50

50

50

50

25

25

25

25

B4002
RMATPLLMQALPM
A0201 peptide
A0301 peptide
B0702 peptide

0
100

0

0
101

102

100

101

102

B4002 peptide

0
10-1

100

101

100

101

102

peptide concentration (μg/ml)

Figure 5. Promiscuous binding of CLIP peptide to distinct HLA-I alleles, representing four supertypes.
The CLIP peptide RMATPLLMQALPM (peptide 3) was tested for binding affinity in a competition-based
cellular peptide binding assay. The four tested HLA-I alleles (HLA-A0201, -A0301, -B0702 and -B4002)
harbor a completely distinct binding pocket and bind different peptide ligands. CLIP peptide shows
intermediate to high binding affinity to all of these. Separate positive control peptides efficiently bind to
their respective HLA allele: GILGFVFTL (A0201 peptide), QVPLRPMTYK (A0301 peptide), SPSVDKARAEL
(B0702 peptide) and GEFGGFGSV (B4002 peptide) with IC50 values of 3.7, 0.2, 0.7 and 0.2, respectively. 21
The peptide concentration started at 100 mg/ml for HLA-A0201, -A0301 and -B4002 and 25 mg/ml for
HLA-B0702, followed by a serial dilution of a factor two. The exact IC50 values of the CLIP peptides are
depicted in Table 2.

Discussion
Processing and presentation of antigens via HLA molecules by APCs is the key mechanism
for generating a specific immune response against pathogens and TAAs. In normal APCs,
Ii and CLIP have essential roles in the HLA-II antigen presentation pathway. We and others
previously described that in tumor cells that are able to function as APCs, expression of Ii and
CLIP could serve as immune escape mechanism by interference with HLA-II-mediated TAA
presentation.5;8;37 Here, we reveal that Ii can also be associated with HLA-I antigen presentation
in malignant cells. This study points at an alternative HLA-I antigen presentation pathway that
may affect current concepts of antigen cross-presentation and tumor immune escape.
One of the early events during HLA-I processing is the binding of heavy chains to b2m in
the ER. This results in HLA-I stabilization, appropriate folding and incorporation into the class
I peptide-loading complex, consisting of TAP and other ER-resident chaperones important for
efficient HLA-I peptide loading. Our observation that HLA-I molecules bind to Ii in leukemia
cell lines (Figure 2) as well as primary leukemic cells (Figure 3) indicates that Ii could be involved
in this process as well. The main isoform of Ii, p33, was found to predominantly bind to HLA-I/
b2m heterodimers (55 kD) and not to free HLA-I heavy chains (43 kD) in all cell lines (Figure
2A). This agrees with earlier studies using HLA-I-transfected T2 cells33;38;39 and suggests that
like newly synthesized HLA-II ab complexes, also HLA-I/b2m heterodimers are assembled by

CLIP association with HLA-I processing in leukemic cells

contrast to their predictions, all the length variants bound to each of the four HLA-I alleles with
reasonably high affinity (Table 2), indicating that CLIP-located peptides have universal binding
abilities to polymorphic HLA-I molecules. From these data, we conclude that the CLIP region of
Ii harbors a unique peptide sequence that can accommodate binding to structurally completely
different grooves of both HLA-I and -II.
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interacting with Ii in the ER lumen until peptides are loaded. In Kasumi-1 cells, however, additional
involvement of the Ii p41 isoform (Figure 2B) and free heavy chains (Figure 1D) in HLA-I/Ii complex
formation was observed, which shows that non-b2m-related HLA-I/Ii association can occur. As Ii
inhibits premature peptide binding to HLA-II complexes in the ER,10 the question rises how the
association of HLA-I with Ii is related to the function of the class I peptide-loading complex in
this compartment. Ii-silenced THP-1 cells lacking the TAP molecule revealed a strong reduction
in HLA-I surface expression level, in contrast to TAP-expressing KG-1 cells (Supplementary Figure
S1; Figure 1C). In addition, in transfected TAP-deficient T2 cells, HLA-I/Ii complexes relied on
the absence of TAP-dependent HLA-I peptides for their stability33;38 and were also part of the
class I peptide-loading complex.40 For this, we propose that two different types of competition
mechanisms can be active in APCs: one involving the binding of Ii to either HLA-I or HLA-II and
one involving the binding of either Ii or peptide loading complex peptides to HLA. In this model,
the balance between TAP and Ii expression might be of major importance. The likelihood of Ii
to interact with HLA-I molecules increases in the absence of TAP, as has been described for T2
cells,40 but likely also in the situation of Ii abundance, as we demonstrate for Ii-high Kasumi-1
cells (Supplementary Figure S1; Figure 1C and 2B). Our finding that peptides derived from Ii were
predicted and able to bind to HLA-A0201 and -B0702 (Table 1 and Figure 4) further suggests
that the peptide-binding groove is the HLA-I site with which Ii associates. Indeed, mutations in
the binding groove of HLA-B7 molecules affected their interaction with Ii and expression at the
plasma membrane in transfected T2 cells.39 It remains to be determined which specific HLA-I
alleles are prone to bind to Ii, but the promiscuous binding of CLIP-related Ii peptides to the four
tested HLA-I superfamilies (Table 2 and Figure 5) indicates great similarity to the promiscuous
binding capacity of the CLIP region in the context of HLA-II.41 However, this contradicts with the
large differences in key anchor motifs between each HLA-I superfamily. The shallow binding
grooves of HLA-II binds peptides based on favorable interactions rather than need of specific
amino acids at each position. Even one amino acid with high affinity to the HLA-II binding groove
is sufficient for peptide binding, which could also be the case for HLA-I, as the methionine at
position 99 of the CLIP region served as crucial anchor residue for H2-Kb molecules.40
The observed association of HLA-I molecules with Ii and CLIP in leukemic cells, as the result
of a potentially imbalanced TAP/Ii ratio, can have different outcomes on tumor immune escape.
In Ii overexpressing leukemias, such as AML (e.g., Kasumi-1 cells; Supplementary Figure S1) and
chronic lymphocytic leukemia (CLL),42 but also colorectal carcinoma,43 Ii instead of TAA-derived
peptides may be bound to HLA-I molecules after synthesis in the ER, thereby preventing TAA
presentation at the plasma membrane and recognition by TAA-specific CTLs. In TAP-deficient
tumors, self peptides termed T-cell epitopes associated with impaired peptide processing
(TEIPPs) have been identified that are specifically detected by CTLs.44;45 In addition, we observed
a possible relation of TAP and CLIP expression in leukemia, with CLIP- leukemic cells positive
and CLIP+ leukemic cells negative for TAP (including APL cells in Figure 1A; Supplementary
Figure S1).6 Therefore, the formation of HLA-I/Ii complexes may lead to processing of Ii into
CLIP and surface presentation of this self-peptide as a TEIPP. In immunized HLA-A2 transgenic
mice however, we could not detect CTL responses against CLIP-related Ii peptides. Another
possibility is that HLA-I/Ii complexes in leukemic cells are transported from the ER into the
endo-lysosomal pathway to be loaded with TAA-derived peptides obtained from authophagy
and lysosomal processing. In normal APCs, Ii is classically known for its role in trafficking HLA-II
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Supplementary Figures
KG-1 THP-1 Kas-1

WB: Ii

WB: TAP1

Figure S2

WB: β-actin

Figure S1. Immunoblot analysis of Ii and TAP expression
in total cell lysates of the KG-1 (CLIP-), THP-1 (CLIP+) and
Kasumi-1 (CLIP+) leukemia cell line. Blots were stained
with primary anti-Ii (clone PIN1.1) and anti-TAP1 (clone
148.3, a kind gift from Dr. E.J. Wiertz and Dr. M.E. Ressing,
University Medical Center Utrecht, The Netherlands)
mAb, demonstrating specific bands of 33 kD and 74 kD,
respectively.
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Figure S2. Presence of b2m in HLA-I/Ii complexes of leukemic cells derived from the KG-1 and
THP-1 cell line and one AML patient. Immunoblots were loaded with total cell lysates and Ii
immunoprecipitates under non-reducing conditions and stained with antibodies against either b2m
(rabbit polyclonal antibody, kindly provided by Dr. J.J. Neefjes, NKI, Amsterdam, The Netherlands)
or HLA-I (clone W6/32).
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Figure S3. CLIP expression levels on the surface of T2 and EBV-transformed JY cells. We used PEcerCLIP.1
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PART IV
Summarizing discussion

CHAPTER
Summary, discussion
and future directions
Parts of this chapter have been published in
Immunotherapy 2010; 2(1):85-97 and in OncoImmunol 2011; in press

10

1. General hypothesis and implications
In patients with AML, leukemic cells constantly encounter T cells in the peripheral blood and
lymphoid tissues. Therefore, in the present thesis, we approached the pathogenesis of AML
as an immunological problem, where leukemic cells contain specific capabilities to abrogate
leukemia-specific T cell function, leading to excessive outgrowth during disease onset and
MRD followed by overt relapse. We propose that such capabilities of leukemic cells can cause
excessive outgrowth via indirect and direct effects on T cell activation. As an indirect effect,
the increasing numbers of leukemic cells during the acute phase of the disease may result in
ineffective T cell priming by creating an immunosuppressive environment via tumor immune
editing,1 which leads to inactivation of professional APCs, or generating competition for these
APCs to interact with and activate T cells in the lymph nodes. Alternatively, we have previously
found indications that leukemic cells make use of escape mechanisms that directly interfere
with priming and/or recognition of T cells (Figure 1), either by upregulating IDO expression
to cause T cell suppression, 2 or overexpressing TRAIL-R3 as decoy receptor to prevent T cellmediated apoptosis. 3

2. Summary of results

10
Summary and discussion

Dendritic cells as APCs in AML (part II)
Because of an apparently inadequate immune response generated against leukemic cells in vivo,
vaccination with LAA-containing donor APCs is an attractive method to boost leukemia-specific
T cell immunity in AML patients. We explored whether DCs could be prepared ex vivo and their
potential to become efficient LAA-presenting APCs for use as potential cellular vaccines. In
Chapter 2, an overview of current literature underlines that culturing DCs from monocytes and
loading these so-called moDCs with exogenous LAAs holds great promise as immunotherapeutic
strategy. In contrast to leukemia-derived DCs, moDCs can be produced on a large scale and
may be broadly applicable to patients if activation and specificity against leukemic cells can
be introduced. As a limited number of patients have been tested for this protocol, additional
investigation is necessary to establish which type of LAA loading strategy in combination with
or without adjuvants is the most effective. Chapter 3 describes one of those studies, in which
moDCs were cultured and functionally compared after loading with leukemic cell lysates or
apoptotic leukemic cells of AML patients and subsequent stimulation by a maturation-inducing
cytokine cocktail (consisting of IL-1β, IL-6, TNF-α and PGE2) and the clinically applicable TLR7/8
ligand R848. We show that heat shock-induced apoptotic leukemic cells are more efficiently
taken up than leukemic cell lysates and that this could be enhanced in the presence of R848.
Furthermore, the addition of R848 improved the quality of antigen presentation by LAA-loaded
DCs, as determined by reduced CLIP presentation, and their ability to migrate and stimulate T
cell proliferation. Unfortunately, the sequential use of R848 and the maturation cocktail reduced
both the migratory and T cell stimulatory capacity and suppressed IL-12p70 production of loaded
DCs, indicating that other TLR ligands need to be investigated in an attempt to maintain effective
maturation of moDCs after loading with apoptotic leukemic cells.
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Leukemic cells as APCs in AML (part III)
Using myeloid leukemic cell lines and patient material, we examined leukemic cells for their role
as APCs and focused on CLIP expression as possible tumor escape mechanism in AML by directly
interfering with T cell priming and recognition. In chapter 4, the analysis of CLIP on leukemic
cells in an expanded cohort of newly diagnosed AML patients confirmed that high expression
indeed is significantly correlated to a shortened OS and DFS. Moreover, by down-modulation of
CLIP with Ii siRNA, we provide evidence that the clinical impact of CLIP can be explained by its
effect on T cell activation. Allogeneic donor CD4+ T cells revealed high proliferation rates during
MLRs with CLIP down-modulated cells from Kasumi-1 and THP-1 myeloid leukemic cell lines,
as compared to CLIP+ wild-type cells from the same cell lines. By using freshly obtained AML
samples in chapter 4 and 5, we further disclose that absence of CLIP on primary leukemic cells
stimulates autologous CD4+ T cells in favour of a leukemia-specific immune response. Besides the
viability and activation (CD25+/HLA-DR+) of CD4+ T cells, also their skewing towards Th1 (IFN-g+),
effector memory (CD27-CD45RA-) as well as antigen-specific (TCR-Vb-restricted) phenotypes
was enhanced in CLIP- co-cultures, in contrast to CLIP+ co-cultures of the same AML patients.
Additionally, outgrowing CD4+ T cells from CLIP- co-cultures showed reactivity to autologous
CLIP- leukemic cells, but not to autologous non-malignant monocytes, which strongly suggests
a negative role for CLIP on primary leukemic cells in LAA-specific CD4+ T cell induction. We also
found implications for a similar involvement of CLIP on residual leukemic cells from treated AML
patients, as shown in chapter 6. In patients who encountered a relapse, CLIP was significantly
more prevalent on LAP-positive blasts as compared to non-relapsing patients. Interestingly, in
those patients who were considered as MRD-negative, high CLIP expression was predictive for
a shortened RFS, which indicates that CLIP could be useful as a marker for MRD evaluation and
might be involved in the immune escape of leukemic cells during AML recurrence. The finding
in chapter 5 that ‘CLIP--primed’ CD4+ T cells could react to CLIP- leukemic cells, but not to nonmalignant monocytes, suggested that CLIP expression correlated with reduced expression
of antigens that cause leukemia-specific T cell activation. According to the classical antigen
presentation route in APCs, this is caused by decreased loading of antigens onto HLA class II
in the MIICs, a process regulated by the function of DM and DO. We also found evidence for
this in leukemic cells of AML patients, as high CLIP expression was associated with low DM/DO
expression ratios.4 Another possible explanation is that in CLIP+ leukemic cells, antigen loading
is already determined in the ER, where association of Ii with newly synthesized HLA class II
molecules prevents endogenous (potentially leukemia-associated) antigens. 5 Indications for
this notion are shown in chapter 7, in which two key participants of the endogenous antigen
loading pathway appear to be involved in HLA class II antigen presentation on CLIP- KG-1 and
ME-1 leukemic cell lines. Ii silencing did not affect HLA-DR transport to the plasma membrane,
whereas suppression of the proteasome and TAP resulted in lowered expression of HLA-DR. This
was not observed for CLIP+ Kasumi-1 cells, which might implicate a possible other relationship
between CLIP expression and HLA class II-mediated endogenous antigen presentation than
the classical exchange of CLIP for antigens in the MIICs. Strikingly, as demonstrated in chapter
8, we noticed abundant CLIP expression on leukemic cells from patients with APL, a subtype
of HLA-DR-negative AML genetically characterized by t(15;17). Among standard used markers
for APL classification, CLIP was the most significant marker that distinguished APL from other
HLA-DR- non-APL AML patients. A correct classification of APL was achieved for all AML cases

according to CLIP analysis using flow cytometry alone. To our knowledge, CLIP is revealed
here as the first positive marker for APL. In addition to its use in flow cytometric identification
of HLA-DR- AML, we explored the underlying mechanism for this type of CLIP expression on
leukemic cells. In chapter 9, we show that CLIP can alternatively be involved in the HLA class
I antigen presentation pathway of leukemic cells. Western blot analyses of total lysates and
immunoprecipitates revealed the direct association of Ii proteins with HLA class I molecules in
myeloid leukemic cell lines and AML patients. Furthermore, we found several Ii peptides in HLA
class I-specific eluates of B-LCLs, of which two were located within the CLIP region. In peptide
binding assays, several CLIP peptides further showed strong binding of CLIP to several HLA class
I alleles containing completely distinct antigen-binding grooves, including HLA-A2, -B7, -A3 and
-B40. This demonstrates that CLIP is able to promiscuously bind to HLA class I, similar to HLA
class II, and thus might interfere with HLA class I antigen presentation on leukemic cells as well.

3. Discussion and future perspectives
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The results from this thesis provide evidence that aberrant LAA processing and presentation
can be involved in the immune escape of leukemic cells in AML. The application of moDCs
loaded with exogenous LAAs as cellular vaccines (discussed in chapter 2 and 3) might have
several advantages related to other currently tested immunotherapeutic strategies. It is a tool
that could not only be generally useful for AML patients due to the high DC production rate
in culture and efficient presentation of a broad range of LAAs, but may also contribute to the
evasion of the inhibitory effects exerted by leukemic cells on LAA-specific T cell activation
(Figure 5C and D). In addition, we show that CLIP expression on leukemic cells is associated
with poor prognosis (chapter 4 and 6) and directly reduces T cell function (chapter 4 and 5)
in AML, suggesting that either an impaired presentation of endogenous LAAs or increased
CLIP expression on leukemic cells is involved in AML immunopathogenesis by interfering
with leukemia-specific T cell immunity. The mode of regulation and action of CLIP expression
and its potential as a target for future immunotherapeutic applications in AML will be further
discussed below.
New insights into mechanisms that underlie CLIP expression
In CLIP- leukemic cells, we revealed that HLA class II antigen presentation can be dependent
on processing of endogenous antigens by the proteasome and TAP (chapter 7), indicating an
alternative antigen presentation pathway in leukemic cells involving interaction of HLA class
II molecules with endogenous antigens. Because siRNA-induced Ii silencing did not influence
HLA-DR presentation by CLIP- leukemic cells, it is most probable that in this pathway, newly
synthesized HLA class II molecules are loaded with endogenous antigens instead of Ii in the ER
and are directly transported from the Golgi apparatus to the plasma membrane (Figure 4B and
ref. 5;6). Still, it is possible that HLA-DR complexes enter the endosomal/lysosomal pathway via
internalization from the plasma membrane and are recycled after reloading with endogenous
antigens in the MIICs.7;8 We further showed that CLIP presentation can occur independently of
HLA class II processing (chapter 8) and Ii binds to HLA class I molecules (chapter 9) in leukemic
cells. This implicates that a second alternative antigen presentation pathway can be active in
leukemic cells as well, which might prevent endogenous antigen presentation by HLA class I
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Figure 4. Potentially novel alternative antigen presentation routes based on our observations in leukemic
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Most indications for this pathway were observed in TAP-deficient cells
(T2, THP-1, Kasumi-1), indicating that a lack of endogenous peptides translocated into the ER
is a requisite. It is therefore likely that binding of Ii instead of endogenous antigens to newly
formed HLA class I molecules in the ER is the underlying process. The next question to address
is whether complexes of HLA class I and Ii are directly transported to the plasma membrane or,
similar to classical HLA class II processing, first directed to the MIICs for further processing of
CLIP and loading with endogenous antigens.
The potential involvement of CLIP in HLA class I antigen presentation by leukemic cells
has extended our ideas about its immunoregulatory function in AML. First of all, it might give
an additional explanation for the strong clinical impact of CLIP in patients (chapter 4), as its
presentation on leukemic cells by HLA class I molecules could suppress leukemia-specific CD8+
CTL-mediated elimination. To test the functional effect of CLIP in this context, CTL co-cultures
with autologous CLIP- and CLIP+ primary leukemic cells have to be performed in a similar way
as in chapter 5. Secondly, the ratio of CLIP to DR expression as an indicator for HLA class II
antigen presentation by leukemic cells could be biased by its role in HLA class I processing. The
function of the classical mediators of endogenous antigen processing now have to be taken into
account for HLA class II antigen presentation as well. According to our cell line studies, there
also seemed to be an association of intracellular TAP, Ii and DM with surface CLIP expression by237
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leukemic cells. CLIP- leukemic cells showed increased levels of TAP and DM and reduced levels
of Ii, as compared to CLIP+ leukemic cells. This implies crosstalk of HLA class I and II antigen
presentation pathways and a general mechanism for impaired LAA presentation in leukemic
cells. Therefore, presence of gene abnormalities in the master regulator of HLA class II antigen
presentation, CIITA, in leukemic cells may be the major cause for such aberrancy, which should
be investigated in AML patients.
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The potential of CLIP expression as immunotherapeutic target in AML
Our observations on alternate HLA class I and II antigen presentation by leukemic cells
indicate that CLIP expression could be a primary reason for the lack of anti-leukemic T cell
immunity in patients with AML, both before and after DC-based tumor immunotherapy. In a
proposed AML-T cell model, CLIP- leukemic cells should be well-recognized and eradicated
by presenting endogenous LAAs to LAA-specific CD4+ T cells and/or CTLs (Figure 5A). This
initiates a potential feed-forward loop wherein exogenous LAAs are taken up by professional
APCs, such as DCs, and presented for priming of LAA-specific T cells. Thus, in CLIP- AML
patients, only LAA-specific T cell priming may be suboptimal, which makes vaccination with
LAA-loaded DCs a good treatment option. In CLIP+ AML patients however, CLIP expression
on leukemic cells indicate deficient HLA class I- and/or HLA class II-mediated presentation of
endogenous LAAs. This can put the feed-forward loop on hold, either directly by preventing
their recognition and eradication by T cells, or indirectly by creating an immunosuppressive
environment that causes functional inactivation of DCs or T cells, resulting in impairment of
T cell priming (Figure 5B). A third possibility is that LAA-specific T cell priming solely depends
on LAA presentation by leukemic cells and is directly affected by CLIP expression, but this
seems less likely. Administration of LAA-loaded DC vaccines to these patients may establish
LAA presentation to stimulate T cell priming, however it does not deal with the disturbing role
of CLIP in endogenous LAA presentation by leukemic cells, which then still leads to impaired
T cell recognition (Figure 5C) and their uncontrolled outgrowth. The presence of CLIP could
even have an additional, direct inhibitory effect on T cells. As described for maturing DCs,9
increased levels of CLIP antagonized the priming of autologous Th1 cells, indicating its role as
self peptide in immune tolerance. If CLIP has the same impact on leukemic cells, a self-tolerant,
but also leukemia-protective T cell environment might be generated in CLIP+ AML patients. In
accordance with our implications in chapter 5, it is possible that it acts together with CD86 to
prime Th2 cells or Tregs and promote hyperleukocytosis.10 In either way, we postulate that CLIP
expression on leukemic cells could be one of the causes for the poor responses to DC-based
immunotherapy in AML until now.
CLIP down-modulation as immunotherapeutic strategy in AML
To circumvent this type of immune escape by leukemic cells, additional immunotherapeutic
strategies need to be included in current protocols that down-modulate CLIP in vivo (Figure
5D). The design of such strategies may have great promise for future active immunotherapy by
simultaneously preventing the possible negative influence of CLIP on HLA class I and II antigen
presentation. CLIP+ leukemic cells then become more ‘visible’ to LAA-specific CD4+ T cells and
CTLs, and those that display costimulatory molecules (e.g., CD86) are additionally triggered
to prime instead of inhibit T cells (Figure 5C and D). Furthermore, as a result, LAA epitope
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Figure 5. Concept for CLIP expression as tumor immune escape mechanism during immune surveillance
and active immunotherapy in AML. Situations before and after immunotherapy in AML patients are
proposed: (A) Tumor immunity in untreated CLIP- AML; LAA-specific T cell priming and recognition are
optimal due to enhanced endogenous LAA presentation by leukemic cells. (B) Tumor immune escape in
untreated CLIP+ AML; leukemia-specific T cell priming as well as recognition are hampered because of an
indirect and direct role of CLIP in LAA presentation by myeloid DCs and leukemic cells, respectively. (C)
Tumor immune escape in treated CLIP+ AML; although priming of leukemia-specific T cells is resolved by
DC vaccination, leukemic cells still escape their recognition by expressing CLIP. (D) Tumor immunity in
treated CLIP+ AML; by using DC vaccination and in vivo immunomodulatory drugs, both T cell priming and
recognition might be targeted, which induces a potent immune response against leukemic cells.
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CLIP down-modulation versus DC vaccination in AML immunotherapy
The road to eventually accept CLIP down-modulation as an immunotherapeutic modality
in AML, however, will not be without obstacles. CLIP is also expressed by normal cells, such
as DCs, B cells and thymic epithelial cells,9;14;15 which may raise the chance of autoimmunity.
Nevertheless, some HDACi are able to suppress autoimmune manifestations,16 while others
induce immune gene expression in tumor cells,17 and are already tested in clinical trials for solid
and haematological cancers, including AML.18 Thus, the influence of autoimmunity by targeting
CLIP will also be dependent on the selectivity of these and other modulators and needs further
investigation. Another problem that has to be overcome is the heterogeneity of the disease.
From an immunological point of view, this leads to a wide variety of aberrant immunological
processes between patients, probably as the result of tumor immune escape mechanisms
affecting the immunogenicity of DCs and leukemic cells in different ways.
As a first step to overcome these difficulties, answers to certain questions could assist in
predicting if DC vaccination and/or immunomodulation, including CLIP down-modulation, will be
effective as immunotherapeutic strategy for patients during MRD. Based on our general model for
impaired LAA presentation in untreated AML (Figure 5A and B), these questions regard the ability
of both host DCs and leukemic cells to activate LAA-specific T cells (Figure 6). In AML patients
with well-functioning DCs, vaccination with LAA-loaded DCs may not be needed for LAA-specific
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spreading might occur, which leads to the introduction of new epitopes that induce a broad
leukemia-specific T cell response.
One possible strategy to realize CLIP down-modulation is to potentiate the processing
machinery of endogenous antigens, such as the proteasome and TAP. As shown in chapter
3, offering exogenous LAAs from apoptotic material to immature moDCs already resulted in
decreased CLIP expression, indicating that presence of LAAs alone is sufficient for efficient
presentation by these well-equipped APCs. A second candidate strategy to decrease CLIP
expression is to boost loading machinery for endogenous antigens in the MIICs. In line with
the decreased DM/DO expression ratio found in CLIP+ leukemic cells (chapter 4 and ref. 4)
and potential processing of endogenous antigens via autophagy in the MIICs (Figure 5), the
function of DM and/or DO is an attractive target to stimulate this type of antigen processing.
Suppression of protein kinase C (PKC) was reported to affect DO expression in activated B cells,11
potentially leading to a decline in CLIP, which points to the use of PKC inhibitors in CLIP+ AML.
As mentioned earlier, in leukemic cells having limited equipment to process and present LAAs
via the classical antigen presentation route (e.g., low Ii and DM expression), intact endogenous
antigen machinery (e.g., TAP) seemed to be inversely correlated to CLIP expression (chapter
7 and 9). This may implicate that when endogenous LAA processing is deficient, Ii instead of
TAP-associated peptides can interact with either newly synthesized HLA class I or HLA class II
molecules in the ER. For this type of antigen processing, we speculate that the ratio between
TAP and Ii expression levels could be the deciding factor for antigenic peptide loading to occur
in the ER or MIICs, respectively. Administration of clinically applicable histone deacetylase
inhibitors (HDACi) might be a powerful tool in this case, as it can enhance expression of TAP
subunits in tumor cells.12;13 Indeed, we very recently found a strong down-modulation of CLIP on
leukemic cells from AML patients after treatment with the HDACi suberoylanilide hydroxamic
acid (SAHA; unpublished data).
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Figure 6. Main research questions to be resolved to better understand the role of antigen presentation
in AML and to select specific strategies for optimal active immunotherapy in patients.

T cell priming, as the negative effect by circulating leukemic cells is probably overruled. Still, an
optimal ‘recognition profile’ for leukemic cells is needed for their specific elimination by CTLs.
This means that HLA class II expression and costimulation on leukemic cells may be neglected,
but for those expressing CLIP on HLA class I, endogenous LAA processing and presentation has to
be upregulated in vivo. If the function of host DCs is not optimal, priming of leukemia-specific Th1
cells and CTLs has to be established by LAA-loaded DC vaccines, presenting exogenous LAAs, and
preferably also by leukemic cells with a ‘priming profile’, presenting costimulatory molecules, HLA
class II as well as endogenous LAAs. Such a profile has the potential benefit that T cells are primed
to respond against the same LAAs as expressed on leukemic cells. To establish this, not only CLIP
has to be down- modulated, but also other factors involved in the immunogenicity of leukemic
cells must be optimal. Therefore, by further elucidation of the lack of anti-leukemic T cell immunity
in AML, well-thought choices for application of DC vaccination and/or immunomodulation of
leukemic cells can be made in the future, which should increase the chance of inducing a potent
anti-leukemic T cell response in vivo.
Other immunomodulatory strategies to enhance antigen presentation in AML
In addition to these general choices, progress has to be made in the design of strategies that
can optimize leukemia-specific immunogenicity in AML patients. Since we showed a negative
role for CLIP expression on leukemic cells regarding this issue, it may be considered to put
more effort into research that aims to specifically enhance LAA presentation in vivo. Likely,
due to the heterogeneity of the disease, this has to be addressed at several levels of antigen
presentation, including expression of HLA and costimulatory molecules, LAA processing and
LAA presentation (Figure 7).
Concerning DC vaccines, we showed that moDC loading with apoptotic leukemic material
is a promising strategy, since their maturation resulted in increased HLA class II expression,
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costimulation and antigen presentation (chapter 3). To further increase LAA-specific loading,
TLR ligands other than R848 have to be investigated for their effect on maturation of loaded
moDCs. For leukemic cells, not only CLIP can be overexpressed, but also the expression of
HLA class II and costimulatory molecules and the function of endogenous antigen processing
machinery can be impaired. For example, leukemic cells that do not express HLA class II or
costimulatory molecules can be differentiated ex vivo into leukemic DC-like cells,19 serving as
whole cell vaccines. 20;21 Further treatment options for such type of vaccines may be lentiviral
introduction of CIITA, B7 or 4-1BB genes, 20 serum starvation22;23 or treatment with Ii siRNA24
(Figure 7). Alternative and maybe more feasible strategies to modulate LAA processing and
presentation in vivo are the addition of IFN-g, 25 and the use of HDACi and PKC inhibitors, as
discussed earlier. Since some HDACi inhibitors have been reported to negatively affect DC
Figure 7
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Figure 7. Potential approach using immunomodulatory strategies to acquire potent LAA-presenting
APCs in AML. Knowledge about the immunogenicity of DCs and leukemic cells could improve active
immunotherapy by specifically choosing optimal immunomodulatory strategies for each patient.
Strategies are suggested that may be of value for increasing HLA class II expression and costimulation (1),
LAA processing (2) or LAA presentation (3) on moDC and whole-cell vaccines ex vivo as well as leukemic
cells in vivo. Of note, leukemic cells constitutively display HLA class I. APC, antigen-presenting cell; CC,
cytokine cocktail; CIITA, class II transactivator; CLIP, class II-associated invariant chain peptide; HDAC,
histone deacetylase; Ii, invariant chain; LAA, leukemia-associated antigen; TLR-L, Toll-like receptor ligand;
PKC, protein kinase C.
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immunogenicity as well, 26 caution has to be exercised when using such immunomodulatory
drugs as immunotherapeutic treatment. Eventually, based on experimental results, effective
strategies have to be selected to develop a feasible and easy-to-use treatment protocol to
enhance LAA presentation in AML patients.

4. Overall message
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Further analysis of aberrant LAA presentation at the time of diagnosis and upon relapse of the
disease could give new insights in AML progression and the potential failure of current active
immunotherapy. One of the mechanisms that should be further unravelled is the role of CLIP
and Ii in the HLA class I antigen presentation pathway. Abundance of HLA class I on leukemic
cells might be an underestimated occurrence, since LAA presentation is probably disturbed
by abnormal interaction of Ii and CLIP with HLA class I molecules, leading to CTL escape. This,
together with its adverse role in the context of CD4+ T cells, strengthens CLIP as target for
immunomodulatory strategies in AML. The final goal towards the development and use of
such immunotherapeutic tools should include the design of an efficient monitoring system by
which impaired LAA presentation can be characterized during both diagnosis and follow-up
to choose the best-suited tailor-made strategy for improving tumor immunogenicity in each
individual AML patient.
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7-AAD		
7-aminoactinomycin D
b2m		
b2 microglobulin
Ab		Antibody
ADCC		Antibody-dependent cellular cytotoxicity
AIR		Activator of immune response
AML		Acute myeloid leukemia
APC		Antigen-presenting cell
ARA-C		Arabinofuranosyl cytidine
ATRA		All-trans retinoic acid
CD		Cluster of differentiation
CIITA		Class II transactivator
CLIP		Class II-associated invariant chain peptide
CLP		Common lymphoid progenitor
CMA		Chaperone-mediated autophagy
CMP		Common myeloid progenitor
CR		Complete remission
CTL		Cytotoxic T lymphocyte
CTLA		Cytotoxic T lymphocyte antigen
DC		Dendritic cell
DFS		Disease-free survival
DLI		Donor lymphocyte infiltration
DM		HLA-DM
DO		HLA-DO
DR		HLA-DR		
ER		Endoplasmic reticulum
ERAAP		ER aminopeptidase associated with antigen processing
ETA		Epithelial tumor antigen
FAB		
French-American-British
FACS		
Fluorescence-activated cell sorting
G-CSF		Granulocyte colony-stimulating factor
GILT		Gamma-interferon-inducible lysosomal thiol reductase
GvHD 		Graft-versus-host
GvL		Graft-versus-leukemia
Hsc		Heat shock cognate
HSC		Hematopoietic stem cell
HLA		Human leukocyte antigen
IDO		
Indoleamine 2,3-dioxygenase
Ii		
Invariant chain
IFN		
Interferon
IL		
Interleukin
ITD		
Internal tandem duplication
LAA		Leukemia-associated antigen
LAK		Lymphokine-activated killer
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LMP		Low molecular mass polypeptide
LOH		Loss of heterozygosity
MART		Melanoma antigen recognized by T cells
mDC		Myeloid DC
MDS		Myelodysplastic syndrome
MFI		Mean fluorescence intensity
mHag		Minor histocompatibility antigen
MHC		Major histocompatibility complex
MIIC		MHC class II-containing compartment		
MoDC		Monocyte-derived DC
MRD		Minimal residual disease
MUC		Mucin
MUD		Matched-unrelated donor
NK		Natural killer cell
OS		Overall survival
PAMP		Pathogen-associated molecular pattern
PBMC		Peripheral blood mononuclear cell		
PD		Programmed death
PLC		Peptide-loading complex
PML		Promyelocytic leukemia
PR		Proteinase
PRAME		Preferentially expressed antigen in melanoma
PRR		Pattern recognition receptor
RAR		Retinoic acid receptor
RHAMM		Receptor for hyaluronan-mediated motility
SCT		Stem cell transplantation
siRNA		Small interfering RNA
TAA		Tumor-associated antigen
TAP		Transporter associated with antigen processing
TCR		T cell receptor
TGF		Tumor growth factor
TLR		Toll-like receptor
TIL		Tumor-infiltrating lymphocyte
TNF		Tumor necrosis factor
TRAIL		TNF-related apoptosis-inducing ligand
WBC		
White blood cell
WHO		
World Health Organization
WT		
Wilms’ tumor
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Het ontsnappen van tumorcellen aan immuunherkenning door inefficiënte antigeenpresentatie in acute myeloïde leukemie
Acute myeloïde leukemie (AML) is een vorm van beenmergkanker die wordt gekenmerkt
door het onvermogen van een bepaald type bloedcellen om uit te rijpen. Dit leidt tot een
woekering van kwaadaardige leukemiecellen die de plaats innemen van normale bloedcellen
in beenmerg en bloed, waardoor er een tekort aan rode bloedlichaampjes, bloedplaatjes en
rijpe witte bloedlichaampjes ontstaat. Hierdoor ontstaan de symptomen van acute leukemie:
bloedarmoede, bloedingen en infecties. In AML patiënten verloopt de differentiatiereeks
van myeloïde witte bloedlichaampjes abnormaal, terwijl het immuunsysteem niet in staat is
om deze leukemiecellen voldoende op te ruimen. Ondanks het gegeven dat behandelingen
met chemotherapie ervoor zorgen dat ongeveer 75% van de jongere (≤60 jaar) en 50-60% van
de oudere (>60 jaar) patiënten in eerste instantie ziektevrij lijken (‘remissie’), krijgt ongeveer
30-50% de ziekte terug (‘relapse’). Om dit te beletten wordt er naast verdere chemotherapie,
ook vaak immunotherapie in de vorm van stamceltransplantatie gegeven, waarbij stamcellen
van een gezonde donor de leukemiecellen in de patiënt vervangen en vervolgens uitgroeien
tot een nieuw en gezond immuunsysteem. Dit draagt bij aan een betere prognose waarmee
aangetoond wordt dat het immuunsysteem een belangrijke rol speelt in het opruimen van
leukemiecellen. Echter ook de toepassing van stamceltransplantatie kan niet altijd relapsen in
patiënten voorkomen. Leukemiecellen worden blijkbaar niet altijd door het immuunsysteem
herkend waardoor ze aan opruiming ontsnappen.
T cellen worden gezien als de uitvoerende (effector) cellen van het immuunsysteem die
centraal staan in de herkenning en opruiming van tumorcellen. CD8+ T cellen zijn met name
cytotoxisch en kunnen tumorcellen doden door het herkennen van tumor-specifieke eiwitten
(antigenen) die als peptiden gepresenteerd worden op het celmembraan van een tumorcel
door een speciaal type receptoren genaamd HLA klasse I. Voor een efficiënte afweerreactie
tegen tumorcellen is echter ook de steun van CD4+ T cellen nodig die, na herkenning van
antigenen op HLA klasse II moleculen, de activering van CD8+ cytotoxische T cellen volledig
maken. Eén van de mechanismen die leukemiecellen gebruiken om aan het immuunsysteem
weten te ontsnappen is gelegen in het feit dat de antigeenpresentatie nodig voor herkenning
van leukemiecellen ontregeld is. Als gevolg hiervan kunnen T cellen niet voldoende worden
geactiveerd om deze tumorcellen te herkennen en te doden. In dit proefschrift hebben we de
rol en aanpak van een verstoorde antigeenpresentatie als immunopathologisch mechanisme
in AML onderzocht. Het vergaren van meer kennis over dit proces draagt bij aan een beter
begrip van het gebrek aan anti-leukemische T cel immuniteit in AML patiënten, om zodoende
mogelijk nieuwe immunotherapeutische strategieën te ontdekken die dit kunnen verbeteren.
Antigenen worden normaal gesproken door zogenaamde dendritische cellen (DCs) aan
het immuunsysteem gepresenteerd. Om antigeenpresentatie te verbeteren in patiënten, is de
toepassing van met (leukemie-geassocieerd) antigeen-beladen DCs als therapeutisch vaccin
een interessante optie. Door DCs ex vivo (buiten het lichaam) te kweken en vervolgens te
activeren en te beladen met leukemie-geassocieerde antigenen zouden er vaccins kunnen
worden ontwikkeld die voor langdurige leukemie-specieke T cel activering zorgen in vivo (in
het lichaam). In het eerste gedeelte van het proefschrift beschrijven we het perspectief voor
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het gebruik van DC vaccins in tumor en AML immunotherapie, waarbij het ontwerpen van
strategieën voor optimale DC activatie en belading met leukemisch materiaal van patiënten
centraal staan. Een gedetailleerd overzicht van de bevindingen tot nu toe wordt beschreven
in hoofdstuk 2. Hieruit blijkt dat het DCs gekweekt uit monocyten (moDCs), in tegenstelling
tot het kweken van DCs gedifferentieerd uit leukemiecellen, het voordeel heeft dat deze op
grote schaal geproduceerd kunnen worden, waardoor er een brede toepasbaarheid bereikt
wordt. Door deze moDCs ex vivo te activeren en te beladen met leukemie-geassocieerde
antigenen kan deze strategie uiteindelijk bij AML patiënten uitgetest worden. In hoofdstuk
3 hebben we onderzoek gedaan naar welke strategie om antigenen te beladen in combinatie
met welke adjuvantia optimaal is voor de functie van moDCs in AML. We vonden dat moDCs
beter in staat waren om ‘heat-shock’-geïnduceerde apoptotische leukemiecellen op te nemen
dan leukemische cellysaten, en dat dit verder gestimuleerd kon worden na het incuberen met
de klinisch toepasbare TLR7/8 ligand R848. Ook werd er een verbeterde functie van R848geactiveerde DCs gezien. Dit geeft aan dat apoptotische leukemiecellen de meest optimale
bron vormen voor de belading van moDCs in AML. De TLR liganden moeten verder uitgetest
worden om efficiënte activatie en maturatie te behouden voor deze DCs.
Het tweede en grootste gedeelte van dit proefschrift is gewijd aan de functie en regulatie
van antigeenpresentatie door myeloïde leukemiecellen. De reden tot deze focus is ontstaan
naar aanleiding van een eerdere studie waarbij we een lichaamseigen peptide genaamd ‘class
II- associated invariant chain peptide’ oftwel ‘CLIP’, verhoogd tot expressie gebracht vonden
op leukemiecellen bij diagnose. Dit bleek negatief geassocieerd te zijn met de overlevingsduur
van AML patiënten. Om deze bevinding te bevestigen, hebben we het aantal patiënten in ons
cohort bijna twee keer vergroot en opnieuw gekeken naar de invloed van CLIP expressie op
de prognose (hoofdstuk 4). Ook in dit grotere cohort was een hoge expressie van CLIP op
leukemiecellen sterk voorspellend voor een kortere overlevingsduur, zowel voor de totale als
voor de cytogenetisch intermediaire risico groep van patiënten.
CLIP is een peptide dat voortkomt uit het eiwit invariante keten (Ii) en beiden hebben een
belangrijke rol in HLA klasse II antigeenpresentatie door normale APCs. Ii is nodig om nieuw
gemaakte HLA klasse II moleculen te transporteren van het endoplasmatisch reticulum (ER)
naar gespecialiseerde endosomale compartimenten (MIICs). In deze compartimenten wordt
Ii door peptidasen afgebroken tot CLIP, dat gebonden blijft aan de antigeen-bindende HLA
groeve. Vervolgens wordt CLIP uitgewisseld voor een antigeenpeptide, waarna het antigeenbeladen HLA klasse II complex wordt gepresenteerd op het celmembraan aan naïeve CD4+
T cellen. Dit wetende, zou de prognostische waarde van CLIP in AML dus kunnen betekenen
dat HLA klasse II antigeenpresentatie op leukemiecellen is verstoord en zich uit door een
verhoogde CLIP expressie, hetgeen uiteindelijk de activatie van CD4+ T cellen beïnvloed. Dit
hebben we getest in hoofdstuk 4 en hoofdstuk 5 door gebruik te maken van respectievelijk
leukemische cellijnen en primaire leukemiecellen van AML patiënten. Door het uitschakelen
van Ii expressie in CLIP+ leukemische cellijnen door middel van transductie met specifieke Ii
siRNA retrovirussen, konden we leukemiecellen van gelijke origine met een verlaagde CLIP
expressie genereren. Vervolgexperimenten lieten zien dat allogene CD4+ T cellen afkomstig
van gezonde donoren een sterker prolifererend vermogen hadden in kweek met deze CLIPleukemiecellen dan in kweek met CLIP+ leukemiecellen van dezelfde cellijn. Verder bewijs voor
deze functionele rol van CLIP in AML kwam voort uit langdurige autologe celkweken van CD4+
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T cellen met CLIP- of CLIP+ leukemiecellen verkregen uit dezelfde AML patiënten. We vonden
een toename in zowel hoeveelheid als activatie van CD4+ T cellen na stimulaties met CLIPleukemiecellen, hetgeen niet gezien werd voor CD4+ T cellen na eenzelfde aantal stimulaties
met CLIP+ leukemiecellen. CD4+ T cellen gestimuleerd met CLIP- leukemiecellen lieten ook
zowel een sterkere differentiatie richting T helper 1 en effector memory cellen als antigeen- en
leukemie-specifieke reactiviteit zien dan CD4+ T cellen gestimuleerd met CLIP+ leukemiecellen.
In een vorige studie hebben we ook gezien dat bij AML patiënten die binnen 2 jaar een
relapse krijgen, CLIP expressie op leukemiecellen tijdens diagnose significant verhoogd is in
vergelijking tot patiënten die gedurende deze periode of langer in complete remissie blijven.
Deze associatie van CLIP met het voorkomen van een relapse hebben we verder onder de
loep genomen in samenhang met minimale restziekte (‘MRD’) in behandelde AML patiënten.
Nadat patiënten chemotherapie hebben ondergaan en een remissie hebben bereikt, kunnen
enkele leukemiecellen die de behandeling hebben overleefd uitgroeien tot een relapse. Deze
kleine aantallen restcellen kunnen gedetecteerd worden middels een leukemie-geassocieerd
fenotype oftewel ‘LAP’. De aanwezigheid van CLIP op deze restcellen na behandeling en de
invloed daarvan op het ontstaan van een relapse hebben we onderzocht in hoofdstuk 6. In
deze studie bleek dat bij AML patiënten die een relapse kregen, CLIP op LAP+ blasten meer
tot expressie kwam dan bij AML patiënten zonder een relapse. Naast de associatie met het
wel of niet krijgen van een relapse, bleek ook dat een hoge CLIP expressie op LAP+ blasten van
patiënten die beschouwd werden als MRD- voorspellend te zijn voor een kortere relapse-vrije
overleving. Dit laat zien dat CLIP mogelijk een functionele rol speelt bij de ontsnapping van
leukemische restcellen aan T cel herkenning, leidend tot een relapse van AML.
Opvallend was onze bevinding in hoofdstuk 5 dat CLIP- primaire leukemiecellen beter in
staat waren om autologe CD4+ T cellen met antigeen-specifieke reactiviteit te activeren dan
CLIP+ primaire leukemiecellen. Gezonde monocyten van dezelfde AML patiënt konden CLIPgestimuleerde CD4+ T cellen niet reactiveren. Dit wekte de suggestie dat de afwezigheid van
CLIP gerelateerd was aan het vermogen van leukemiecellen om endogene (van binnen uit),
potentieel leukemie-geassocieerde, antigenen te verwerken en vervolgens te presenteren op
HLA klasse II moleculen. Volgens de klassieke HLA klasse II antigeenpresentatie route wordt
de uitwisseling van CLIP voor antigene peptiden in de klasse II bindingsgroeve gereguleerd
door HLA-DM (stimulerend) en HLA-DO (remmend) in MIICs. In een eerder stadium vonden
we een correlatie tussen CLIP expressie en de ratio van HLA-DO en HLA-DM expressie op
leukemiecellen van AML patiënten. Associatie van Ii met HLA klasse II voorkomt normaliter
dat endogene peptiden kunnen binden in het ER. In CLIP- leukemiecellen zou een andere
mogelijkheid kunnen zijn dat antigeenbelading van nieuw gevormde HLA klasse II moleculen al
plaatsvindt in het ER. Een aanwijzing hiervoor beschrijven we in hoofdstuk 7. Hier is de relatie
onderzocht tussen de expressie van HLA klasse II in CLIP- leukemische cellijnen en de functie
van Ii en twee eiwitcomplexen die essentieel zijn voor endogene antigeenbelading van HLA
klasse I moleculen in het ER, genaamd het proteasoom en ‘transporter associated with antigen
processing’ (‘TAP’). Na remming van expressie of functie van deze regulerende eiwitten,
vonden we een Ii-onafhankelijke, maar proteasoom- en TAP-afhankelijke route van HLA-DR
presentatie in CLIP- leukemiecellen. Dit werd niet gezien in CLIP+ leukemiecellen en zou kunnen
inhouden dat er een negatieve correlatie bestaat voor deze cellen tussen CLIP expressie en
endogene antigeenbelading van HLA klasse II moleculen in het ER.
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In hoofdstuk 8 deden we de opmerkelijke bevinding dat CLIP ook tot expressie komt op
leukemiecellen van patiënten met een AML subtype genaamd acute promyelocyten leukemie
(APL). APL wordt naast een translocatie tussen chromosoom 15 en 17 gekenmerkt door de
afwezigheid van HLA-DR op het celmembraan. CLIP werd niet gevonden op leukemiecellen
van niet-APL patiënten met HLA-DR- AML en fungeerde daarmee als sterk discriminerende
marker voor APL. Hiermee identificeren we, voor zover we weten, voor het eerst een marker
die positief is op leukemiecellen van APL patiënten, en die tevens via flowcytometrie geschikt
is om APL als specifiek genetische subgroep te onderscheiden van overige typen HLA-DRAML. Uit verdere flowcytometrische metingen bleek dat gezonde promyelocyten geen CLIP
tot expressie brachten en dat ook andere subvormen van HLA klasse II, HLA-DP en HLA-DQ,
afwezig waren op CLIP+ leukemiecellen van APL patiënten. Om deze APL-gerelateerde en HLA
klasse II-onafhankelijke CLIP presentatie te kunnen verklaren, hebben we tenslotte in hoofdstuk
9 de betrokkenheid van CLIP expressie met HLA klasse I antigeenpresentatie in leukemiecellen
bekeken. Behalve complexvorming van Ii met HLA klasse I moleculen in leukemische cellijnen
en primaire leukemiecellen van patiënten, vonden we vijf Ii-afkomstige peptiden in HLA klasse
I-specifieke peptide eluaten. Hiervan bevonden zich er twee in de CLIP regio van het Ii eiwit.
Deze CLIP peptiden hadden een sterke bindingscapaciteit voor meerdere HLA klasse I allelen,
waarvan de antigeenbindingsgroeven een compleet andere structuur bevatten (HLA-A2, -B7,
-A3 en -B40). Hieruit blijkt dat, in overeenstemming met de binding aan HLA klasse II, CLIP
aan verschillende HLA klasse I moleculen kan binden, met als mogelijke consequentie dat
de aanwezigheid van CLIP op leukemiecellen ook een uiting kan zijn van een verstoorde HLA
klasse I antigeenpresentatie.
De resultaten in het huidige proefschrift laten zien dat antigeenpresentatie door zowel DCs als
leukemiecellen in acht moet worden genomen voor het verbeteren van immunotherapie in AML.
Door gebruik te maken van heat shock-geïnduceerde apoptotische leukemiecellen als bron voor
belading van DCs ex vivo gekweekt uit monocyten, en het verder uittesten van adjuvanten op
de functie van deze DCs, zou een eerste stap gezet kunnen worden richting de ontwikkeling van
een effectief leukemiegericht vaccin. Daarnaast geven onze bevindingen aan dat een inefficiënte
antigeenpresentatie door leukemiecellen de functie van T cellen en waarschijnlijk daardoor het
klinische beloop van AML patiënten negatief beïnvloedt. Het is dus niet alleen een verstoring in het
aanzetten van T cellen tot anti-leukemische reactiviteit, maar ook in het T cel herkenningsprofiel
van leukemiecellen dat kan leiden tot ontsnapping van leukemie aan het immuunsysteem.
Hier zal bij het creëren van immunotherapeutische strategieën in de toekomst rekening mee
moeten worden gehouden. Een mogelijkheid om dit aan te pakken is het vinden of ontwikkelen
van immunotherapeutica die zich richten op de verbetering van antigeenpresentatie door
leukemiecellen in vivo, waarbij downmodulatie van CLIP een interessante target is. Een dergelijke
rol zal verder versterkt worden mocht CLIP daadwerkelijk het resultaat zijn van een verstoorde
HLA klasse I antigeenpresentatie route in leukemiecellen. Hierdoor zal CLIP downmodulatie
zorgen voor hogere efficiëntie van zowel HLA klasse I als HLA klasse II antigeenpresentatie. Het
mogelijke effect van deze strategie op het ontstaan van autoimmuniteit zal echter wel goed getest
moeten worden. De opzet en uitwerking van deze en andere gerelateerde immunotherapeutische
strategieën tot klinische toepasbaarheid zou versneld kunnen worden door het ontwerpen van
een systeem dat het monitoren van antigeenpresentatie door DCs en leukemiecellen voor en na
behandeling van AML mogelijk maakt.
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Na een drukke tijd is het dan nu echt zover, mijn proefschrift is een feit! Dit had echter nooit
tot stand kunnen komen zonder de bijdrage van vele mensen, die ik op deze wijze graag zou
willen bedanken.
Beste Arjan, ik heb van jou als copromotor geleerd wat het is om translationeel onderzoek
te doen en ik waardeer je bevlogenheid en positiviteit hierin enorm. Als het even tegen zat met
experimenten, wist je altijd weer de zonnige kant van de behaalde resultaten bij mij te laten
inzien. Ook de vrijheid die je me veelal hebt gegeven als promovendus om eigen hypotheses
te ontwikkelen en te toetsen heb ik als prettig ervaren en heeft mij gevormd als zelfstandig
onderzoeker. Ik vond het verder heel plezierig om de ‘CLIPerologie’ en TAPerologie’ met je
door te nemen en een aantal keer Nature met je te opperen tijdens of na de werkbespreking.
Daarnaast heb ik veel respect voor de manier waarop je je vele werkzaamheden met elkaar
weet te combineren. Bedankt! Ik ben ervan overtuigd dat onze laatste manuscripten ook een
goede plek zullen krijgen en hoop dat we onze samenwerking in de toekomst, hoe dan ook,
voort kunnen zetten.
Beste Marieke, dankzij jou heb ik kritisch leren kijken naar en omgaan met de vele aspecten
binnen het onderzoek. Het wetenschappelijk schrijven en beoordelen van manuscripten, het
verkrijgen van nieuwe onderzoeksideeën en het ‘out-of-the-box’ denken zijn slechts een paar
voorbeelden hiervan. Ook jij liet me vaak los in mijn doen en laten, en je hebt me bijgestaan
wanneer nodig, waarvoor ik je veel dank verschuldigd ben. Ik vond het erg leuk en leerzaam
om over het onderzoek te brainstormen tijdens onze één-op-één werkbesprekingen. Door dit
alles heb ik mij vooral op het fundamentele vlak goed kunnen ontwikkelen. Je gedrevenheid,
betrokkenheid en enorm brede vakkennis hebben bijgedragen aan mijn verdere motivatie en
enthousiasme voor het immunologisch onderzoek. Ik kijk ernaar uit om ook in de komende
periode nog veel met je op het gebied van antigeenpresentatie te kunnen discussiëren en
samen te werken.
Beste Gert, de afgelopen jaren ben jij als promotor voornamelijk van een afstand betrokken
geweest bij mijn onderzoek, maar juist hier ben ik je erg dankbaar voor. Je hebt me hierdoor
de ruimte gegeven om zelf initiatieven te nemen, mijn weg te vinden binnen het project en de
directe sturing overgelaten aan Arjan en Marieke. Deze format heb ik als erg prettig ervaren
omdat het een goede balans was tussen klinische/translationele en fundamentele input. De
afstand is nooit te groot geweest en ik kon altijd bij je terecht als dat nodig was. Ook je goede
en gerichte opmerkingen op stukken in kort tijdsbestek hebben mij erg geholpen. Het was een
genoegen om één van je laatste promovendi te mogen zijn.
Alle leden van mijn lees- en promotiecommissie, bedankt voor jullie toezegging hierin
zitting te nemen en het uitgebreid doorlezen van mijn proefschrift. Ik verheug me erop om
dit met jullie te bediscussiëren tijdens de verdediging. Verder de samenwerking met dr.
Thorbald van Hall en Margit Lampen, alsmede dr. Peter van Veelen, dr. Michel Kester, Arnoud
de Ru en George Janssen uit het LUMC, en prof.dr. Emmanuel Wiertz en dr. Maaike Ressing uit
het UMCU: jullie bijdrage aan dit onderzoek was zeer waardevol, erg bedankt daarvoor. Our
collaborators from Baltimore (USA), prof.dr. Sue Ostrand-Rosenberg and dr. Jim Thompson,
thank you for the visit to Baltimore and your willingness to receive me for a month at your lab. I
really appreciated all the input into our practical and theoretical issues, which has led to a nice
publication. I am looking forward to work with you again in the future.
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Martine, jij was degene die de eerste CLIP bevindingen deed die uiteindelijk tot onze talrijke
vraagstellingen hebben geleid. Bedankt hiervoor en succes met alles wat je nog te wachten
staat. Ook wil ik Marisa bedanken voor al haar hulp met immuunfenotypische analyses, het
wegwijs maken in patiëntbestanden en het kritisch bekijken van onze papers. Hetty en Tanja,
jullie meedenken en inbreng tijdens de werkbesprekingen op maandag was altijd zeer nuttig.
Daarnaast gaat ook mijn dank uit naar de MRD groep voor het meten van de extra buisjes CLIP
en DR tijdens een follow-up.
Adri, één van mijn paranimfen, ik realiseer me dat ik het erg heb getroffen met jou aan mijn
zijde voor de laatste periode van mijn onderzoeksproject. Naast al je praktische hulp tussen je
diagnostische taken door, heb ik vooral genoten van de lol samen die af en toe nodig was om
dingen te relativeren. Voor mij persoonlijk was dit de ideale manier om onderzoek op een lab
te doen. Je uitspraken als ‘hla-diejoo, hla-diejee’, het beoordelen van die vele ‘bandjes’ en je
rol als voetbalcoach zullen mij vooral bijblijven. Je was altijd bereid om tijd in te ruimen als er
nood aan de man was en je hebt me dat belangrijke duwtje in de rug gegeven voor de afronding
van de laatste artikelen. Bedankt voor dit alles en ik weet zeker dat we elkaar nog eens zien in
Rotterdam!
De mensen van ‘de AIO kamer’, eigenlijk zou ik jullie allemaal één voor één af moeten gaan,
en dat ga ik dan ook doen! Te beginnen met mijn twee buurvrouwen, Willemijn en Canan. In
mindere tijden kon ik vooral met Willemijn even flink afgeven op wat dan ook zonder dat er
iemand last van had.. toch Costa? Onze uitdaging om ‘Fresh’ op alle radio’s op de afdeling te
krijgen zal ik verder niet snel vergeten. Aan de andere kant zorgde jij Canan altijd voor die
vrolijke noot, waar ik uiteindelijk als ‘buffer’, naast de soms ook irritante functie, veel baat aan
heb gehad. Jurjen, mijn achterbuurman uit de immuno-groep, ik verwacht nog steeds dat we
onze vergaarde tracklist binnen korte tijd kunnen gaan uitbrengen (weet jij de teksten nog?).
Met het uitwisselen van ietwat betere nummers moet het denk ik de komende tijd wel goed
komen. Verder natuurlijk Monique (geef Hugsy, en Dave, een aai over de bol), Niels (gewoon
erbij blijven knikkeren), Dave ( jullie zijn niét de beste), Costa (bubbelen blijft het helemaal) en
Denise (vergeet Costa niet te pesten), zonder jullie had deze periode nooit zo leuk geweest!
Ik heb erg genoten van de borrels (als ik er was..), AIO leesweekendjes en andere uitstapjes.
Tenslotte, ook voor de nieuwe promovendi Anna en Rolf, heel veel succes met jullie eerste,
middelste danwel laatste loodjes van jullie promotietraject; het gaat helemaal goed komen!
Verder uiteraard Fedor, Sander en Angèle, ook jullie dank voor de lol en gezelligheid die ik
met jullie heb mogen beleven. Ik heb onze leuke discussies over van alles en nog wat altijd heel
erg gewaardeerd. Ook Karlijn, Floortje, Willemijn Scholten, Yvonne van der Veeken en Pauline,
ik heb veel gehad aan de ontspannen sfeer die jullie vaak met jullie meebrachten op het lab. Dit
maakte lange experimenten een stuk korter. Bernadette, dank dat je mijn eerste student wilde
zijn en voor je hulp tijdens de experimenten. Verder iedereen die ik nog niet genoemd heb, van
CCA tot de brug, enorm bedankt voor deze fijne en leerzame periode!
Ondanks mijn geringe aanwezigheid op de afdeling immunopathologie in het CLB, wil ik
toch een aantal mensen in het bijzonder bedanken: Tineke, voor je praktische tips en trucs;
Anja en Jelle, voor jullie interesse in mijn onderzoek; en Fatima en Kaoutar, voor alle regelingen
op administratief gebied. Yuri, nu in het AMC, jou wil ik speciaal danken voor de prikkelende
discussies tijdens de werkbesprekingen en je aanvullende input in onze stukken. Succes met je
vervolgonderzoek.

201

&

202

Mijn huidige supervisors in het Erasmus MC in Rotterdam, prof.dr. Rogier Hintzen en prof.
dr. Jon Laman, ik waardeer de ruimte die jullie me hebben gegeven om mijn proefschrift af te
kunnen ronden zeer, net als de kans om onderzoek te doen en me verder te ontwikkelen als
immunologisch onderzoeker binnen een zeer uitdagend gebied. Ik zie er dan ook naar uit om
de komende jaren met jullie samen te werken. Ook mijn nieuwe collega’s van de afdelingen
immunologie, in het bijzonder de unit immuunregulatie, en neurologie, dank jullie wel voor de
warme ontvangst en leuke begintijd!
Tot slot, mijn familie. Opa, wat ben ik blij dat u bij mijn verdediging kan zijn; u gaat hier
niet op de fiets naar toe te komen hoor, daar wordt voor gezorgd! Row, jij als één van mijn
paranimfen, wie had dat vroeger kunnen denken. Ik tref het enorm met een broer en vriend
zoals jij; de ontspannen sfeer als we elkaar zagen tijdens voetbal of op stap waren goud waard..
‘gold Jerry!’. Ik zal enorm trots zijn wanneer je tijdens mijn verdediging naast me zit. Pa en ma,
wat heb ik toch een onvoorwaardelijke steun van jullie gehad, niet alleen deze drukke periode,
maar al mijn hele leven lang. Zonder jullie zorg en betrokkenheid had ik dit allemaal nooit
kunnen redden, heel veel dank.
Lieve Eefje, hoeveel steun en liefde heb jij mij wel niet gegeven tijdens al mijn promotiedrukte.
Het vele geduld dat je op wist te brengen, het feit dat je voor me klaar stond en me op wist te
vrolijken wanneer nodig, en al je geregel voor ons; voor dit alles ben ik je eeuwig dankbaar.
Voor altijd samen, ik hou van je!

Curriculum Vitae
The author of this thesis was born on December 9th, 1981 in Utrecht, The Netherlands. He
finished his secondary education (Gymnasium beta) in 2000 at College Blaucapel in Utrecht,
after which he studied Biomedical Sciences at the University of Utrecht. After obtaining his
Bachelor’s degree in 2003, he started the Master’s program Biology of Disease, during which
he participated in two research projects at the University Medical Center Utrecht. The first
project was performed at the department of Hemato-Oncology, which was supervised by
dr. H.G. Otten and focused on the analysis of NK cell-derived genes associated with perforin
resistance in leukemia. The second project was carried out at the department of Pathology
under supervision of dr. J. Schellekens and dr. M.G.J. Tilanus, in which association of KIR
gene polymorphisms with NK cell alloreactivity in leukemia was explored. He completed this
study at the end of 2005. In 2006, he started working as a PhD student on a collaborative
project in Amsterdam; at the department of Hematology of the VU University Medical Center
under supervision of dr. A.A. van de Loosdrecht and prof.dr. G.J. Ossenkoppele, and at the
department of Immunopathology at Sanquin Research and Landsteiner Laboratory, as part
of the Academic Medical Center, University of Amsterdam, under supervision of prof.dr. S.M.
van Ham. The subject and results of this project are described in the current thesis. Since
September 2010, he works as a postdoctoral researcher at the department of Immunology of
the Erasmus MC in Rotterdam, The Netherlands, where he is continuing his research interest in
immunopathogenesis with a focus on multiple sclerosis, an autoimmune-related disease.

&
Addendum
203

List of publications
van den Ancker W, van Luijn MM, Westers TM, Bontkes HJ, Ruben JM, de Gruijl TD, Ossenkoppele
GJ, van de Loosdrecht AA. Recent advances in antigen-loaded dendritic cell-based strategies
for treatment of minimal residual disease in acute myeloid leukemia. Immunotherapy 2010;
2(1):69-83.
van Luijn MM, van den Ancker W, Chamuleau MED, Ossenkoppele GJ, van Ham SM, van de
Loosdrecht, AA. Impaired antigen presentation in neoplasia: basic mechanisms and implications
for acute myeloid leukemia. Immunotherapy 2010; 2(1):85-97.
van Luijn MM, Chamuleau MED, Thompson JA, Ostrand-Rosenberg S, Westers TM, Souwer
Y, Ossenkoppele GJ, van Ham SM, van de Loosdrecht AA. Class II-associated invariant chain
peptide down-modulation enhances the immunogenicity of myeloid leukemic blasts resulting
in increased CD4+ T cell responses. Haematologica 2010; 95(3):485-96.
van Luijn MM, Chamuleau MED, Ressing ME, Wiertz EJHJ, Ostrand-Rosenberg S, Souwer
Y, Zevenbergen A, Ossenkoppele GJ, van de Loosdrecht AA, van Ham SM. Alternative Iiindependent antigen processing pathway in leukemic blasts involves TAP-dependent peptide
loading of HLA class II complexes. Cancer Immunol Immunother 2010; 59(12):1825-38.

&

van den Ancker W, van Luijn MM, Ruben JM, Westers TM, Bontkes HJ, Ossenkoppele GJ, de
Gruijl TD, van de Loosdrecht AA. Targeting Toll-like receptor 7/8 enhances uptake of apoptotic
leukemic cells by monocyte-derived dendritic cells but interferes with subsequent cytokineinduced maturation. Cancer Immunol Immunother 2011; 60(1):37-47.
van Luijn MM, van den Ancker W, Chamuleau MED, Zevenbergen A, Ossenkoppele GJ, van Ham
SM, van de Loosdrecht AA. Absence of class II-associated invariant chain peptide on leukemic
blasts of patients promotes activation of autologous leukemia-reactive CD4+ T cells. Cancer Res
2011; 71(7):2507-17.
van Luijn MM, Westers TM, Chamuleau MED, van Ham SM, Ossenkoppele GJ, van de Loosdrecht
AA. Class II-associated invariant chain peptide expression represents a novel parameter for flow
cytometric detection of acute promyelocytic leukemia. Am J Pathol 2011; 179(5):2157-61.
van Luijn MM, Chamuleau MED, Ossenkoppele GJ, van de Loosdrecht AA, van Ham SM.
Tumor immune escape in acute myeloid leukemia: class II-associated invariant chain peptide
expression as result of deficient antigen presentation. OncoImmunol 2011; in press.
van den Ancker W,* van Luijn MM,* Chamuleau MED, Kelder A, Feller N, Westers WM,
Zevenbergen A, Schuurhuis GJ, Ossenkoppele GJ, van de Loosdrecht AA. High class IIassociated invariant chain peptide (CLIP) expression on residual leukemic cells is associated
with increased relapse risk in acute myeloid leukemia. Submitted for publication.
*shared first authorship
van Luijn MM,* van de Loosdrecht AA,* Lampen MH,* van Veelen PA,* Zevenbergen A, Kester
MGD, de Ru AH, Ossenkoppele GJ, van Hall T, van Ham SM. Promiscuous binding of invariant
chain-derived CLIP peptide to distinct HLA-I molecules revealed in leukemic cells. Submitted
for publication.
*shared first authorship

204

