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GENERAL INTRODUCTION

HEMATOPOIETIC STEM CELL TRANSPLANTATION

The ideal therapy to treat patients with hematologic malignancies is to eliminate malignant
cells in the body of the patient, while healthy cells remain unaffected. Unfortunately, strategies
that only specifically and efficiently attack hematopoietic malignant cells are not available thus
far. The best available treatment regimens consist of remission induction therapy followed by
consolidation therapy using chemotherapy, immunotherapy and irradiation, with severe side-
damage to healthy hematopoietic cells. In patients with high-risk malignancies, hematopoietic
stem cell transplantation can be performed as part of the consolidation therapy to rebuild a
healthy hematopoietic system. After transplantation, stem cells migrate to the bone marrow and
have the ability to proliferate and differentiate into mature healthy blood cells. The infusion of
stem cells harvested from the patient before the consolidation therapy is called autologous stem
cell transplantation (autoSCT). As an alternative, stem cells from a healthy donor can be used for
an allogeneic stem cell transplantation (alloSCT).}® Hematopoietic stem cells can be harvested
directly from the bone marrow (BM) but are nowadays usually acquired via leukapheresis from the
peripheral blood (PB) after mobilization from the bone marrow by administration of granulocyte
colony stimulating factor (G-CSF).** In alloSCT, both stem cells from a related or an unrelated

donor can be used.

Traditionally, myeloablative (MA) conditioning regimens have been used in SCT to maximally
eradicate malignant cells and allow engraftment of the stem cells into the bone marrow of the
patient using high doses of chemotherapy, immunotherapy, total body irradiation (TBI) and
immune suppression. Due to considerable toxicity, feasibility of this therapy was limited to fit and
young patients. However, the conditioning regimen alone has shown to be not sufficient to prevent
relapse of the hematologic malignancy. This is illustrated by the high relapse rates after autoSCT or
genetically identical (using an identical twin) stem cell transplantations in patients with high-risk
acute leukemia, in contrast to alloSCT.? The long-term curative effect of alloSCT is mediated by
donor-derived T cells that are able to recognize and persistently eradicate residual malignant cells
of the patient. This beneficial phenomenon is known as the graft-versus-leukemia (GVL) effect.””?
Since this GVL effect has shown to be responsible for the curative potential of alloSCT, less toxic
reduced intensity or non-myeloablative (NMA) conditioning regimens have been developed to
broaden the curative potential of alloSCT to patients of higher age and with co-morbidities.'%*
These conditioning regimens aim to allow engraftment of donor hematopoietic stem cells without
fully eliminating the hematopoietic system of the patient, but have the disadvantage of higher

relapse rates compared to MA conditioning.

Although donor-derived T-cell responses are able to initiate GVL after alloSCT, donor-derived T-cell
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responses can also be directed against healthy cells in the tissues and organs of the patient which
can result in detrimental graft-versus-host disease (GVHD). The major challenge in the field of
alloSCT is to find a balance between the prevention of GVHD while maintaining GVL and immunity
for the protection against foreign pathogens like viruses. As these harmful and beneficial immune
responses after alloSCT are mediated by T cells, knowledge about the biology of T cells is necessary

to understand and further develop strategies to improve the curative effect of alloSCT.

BIOLOGY OF T CELLS

Within the hematopoietic system, two types of T cells can be distinguished: T-cell receptor (TCR)
gamma-delta (y/8) T cells that are part of the innate immune system and TCR alpha/beta (a/B) T
cells that play a major role in adaptive immune responses to control viral infections. In this thesis,

we focus on a/B T-cell responses.

TCR-HLA interaction

To provoke an adaptive immune response, TCR a/B T cells need to be stimulated via their TCR
that recognizes peptides (antigens) in the context of human leukocyte antigen (HLA) molecules,
encoded by the major histocompatibility complex (MHC) on antigen-presenting cells. The TCR of
an individual T cell is specific for a particular peptide-HLA combination. The strength by which a
TCR interacts with a peptide-HLA complex is termed TCR-peptide-HLA affinity. This TCR-peptide-
HLA affinity in combination with additional interactions between the T cell and antigen-presenting
cells via adhesion and costimulatory molecules determines the strength by which a T cell binds
to a target cell, called T-cell avidity. All nucleated cells express HLA class | molecules (HLA-A, -B,
-C), which present peptides derived from intracellular proteins on their cell surface to CD8P* T
cells. HLA class Il molecules (HLA-DP,-DQ,-DR) are under physiological conditions mainly present
on cells of the hematopoietic system, which can process and present peptides derived from both

intra- and extracellular proteins to CD4°> T cells.?>*3

Thymic selection of T cells

During T-cell development, TCR are generated by a complex process including recombination
of variable, joining and constant gene segments followed by random insertion and deletion of
nucleotides, as well as the pairing of different a- and B-TCR chains.** Therefore, the diversity of
randomly generated TCR is enormous. Thymocytes (T-cell precursors) derived from the bone
marrow are educated in the thymus to ensure a peripheral T-cell repertoire consisting of mature
T cells containing TCR that are able recognize pathogens from outside the body, like viruses, but
do not elicit harmful immune responses against cells of the own body.*>* In the thymic cortex,
thymocytes expressing an a/B TCR that are able to recognize peptides presented in the context
of self-HLA with at least low affinity are positively selected, while thymocytes that do not interact

with peptides in self-HLA at all are eliminated. After CD4?° or CD8 lineage commitment, these
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T-cell precursors undergo negative selection in the thymic medulla. Hereby, thymocytes that
recognize self-peptides in the context of HLA with high affinity are eliminated in order to prevent
self-directed immune responses which may cause auto-immune diseases.'’*° Eventually, the T-cell
repertoire in the peripheral blood of an individual is expected to consist of a huge variety of T cells
that are capable of recognizing all kinds of peptide-HLA complexes different from the combination

of self-peptides presented in self-HLA.2%%

T-cell subsets

Several subtypes of mature CD4"> and CD8 T cells can be distinguished based on their
phenotype and their functional characteristics.?? T cells that have not yet encountered their
particular antigen are called naive T cells. To provoke an immune response, naive T cells need
stimulation via professional antigen-presenting cells, that besides high levels of peptide-HLA
complexes also express co-stimulatory molecules and adhesion molecules. After this initial
stimulation, naive T cells rapidly expand and differentiate into effector cells that are able to
migrate to infected tissue and carry out specialized T-cell functions like cytokine production and
cytotoxic activity. After elimination of infected cells, most proliferated T cells die, while a minority
of T cells differentiate into resting memory T cells. Whereas the naive T-cell repertoire directed
against a certain antigen contains a broad range of avidities, the memory T-cell repertoire specific
for the same antigen primarily exists of high-avidity T cells. Upon a second encounter with the
same antigen, these memory T cells can become easily activated, resulting in rapid and effective
expansion, differentiation and elimination of infected cells.?* Besides the mentioned T-cell subsets
that stimulate immune responses, a special type of CD4">T cells suppresses and downregulates
induction and proliferation of effector T cells. These regulatory T cells are thought to modulate

immune responses, maintain tolerance to self-antigens and prevent auto-immunity.?*

ALLOREACTIVE T-CELL RESPONSES: GVL AND GVHD

Allogeneic stem cell grafts contain 1-5% donor-derived hematopoietic stem cells, implying that
other immune cells like lymphocytes of donor-origin are part of the stem cell graft and are
transferred into the patient. In general, PB-derived grafts contain 5-10 times more stem cells
compared to BM-derived grafts, which favors stem cell engraftment in the patient but also
results in higher T-cell counts in the graft.#* Because donor T cells in the graft are educated in
the thymus of the donor, these T cells are only tolerant to self-antigens of donor origin. After
alloSCT, alloreactive T-cell responses occur when donor-derived T cells that are educated in the
donor, recognizing patient cells as foreign. Dependent on the tissue distribution of the recognized
antigen, the immune response will result in GVL or GVHD. GVL is initiated if only hematopoietic
cells (containing the malignant cells) of patient origin are recognized by donor-derived T cells,
while GVHD is induced if healthy tissue cells of the patient are attacked by donor-derived T cells.

The risk of GVHD is increased after HLA-mismatched transplantation, because donor-derived T
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cells transferred with the graft might recognize allogeneic HLA molecules on healthy tissue cells of
the patient as foreign. Therefore, HLA-matched alloSCT is preferred over HLA-mismatched alloSCT.
To allow the separation of GVL from GVHD after HLA-matched alloSCT, knowledge about antigens

that have the potential to induce beneficial alloreactive T-cell responses is essential.

Minor histocompatibility antigens

Also after HLA-matched alloSCT, strong alloreactive immune responses can occur. Genetic
differences between patient and donor that give rise to polymorphic peptides presented in
matched HLA-molecules on patient cells that are recognized by donor T cells are called minor
histocompatibility antigens (MiHA).?*?” These polymorphisms occur at the level of single or
multiple base pairs, due to singe nucleotide polymorphisms, base pair insertions or deletions,
or copy number variations. Generally, the immune system of an individual has not been exposed
to MiHA of another individual. Therefore, MiHA-specific T-cell responses after alloSCT have
exclusively been described in MiHAP® patients receiving grafts from MiHA" donors, because high-
avidity MiHA-specific T cells are supposed to pass thymic selection only in MiHA™ donors.?#3! As
a consequence, MiHA-specific T cells in MIHA™¢ donors are expected to be present in the naive
T-cell repertoire. High-avidity donor T cells that are capable of recognizing immunogenic peptides
on patient cells may lead to destruction of the cells expressing this MiHA, without impairment
of donor-derived cells. Both the tissue distribution of the gene encoding the MiHA as well as the
expression of HLA molecules determines the clinical effect of the alloreactive T-cell response. Since
HLA class | molecules are normally expressed by all nucleated cells, donor T cells that recognize HLA
class I-restricted MiHA derived from proteins exclusively expressed by (malignant) hematopoietic
cells of the patient are likely to cause GVL, while donor T cells that recognize HLA class I-restricted
MiHA that are broadly expressed on both hematopoietic and non-hematopoietic tissues of the
patient can mediate both GVL and GVHD at the same time.?**132 In contrast, HLA class II-restricted
MiHA can be considered as relatively hematopoiesis-specific, because HLA class Il expression
is under non-inflammatory conditions limited to mainly hematopoietic cells. After the initial
stimulation, differentiation and expansion of MiHA-specific T-cells of donor origin, the immune
response will decline when MiHAP* patient cells are eradicated and a memory T-cell response may
develop. This memory response is relevant for sustained and prolonged suppression of MiHAP
cells. Several clinical observational studies have shown a direct association between emergence
of T cells specific for hematopoiesis-restricted MiHA (eg, HA-1 and HA-2), and elimination of
malignant cells post-alloSCT in the absence of extended GVHD.* Therefore, many effort has been
made to identify hematopoiesis-restricted MiHA via several strategies.?®**3” However, the tissue
distribution of MiHa is not the only determinant that separates GVL from GVHD. Inflammatory
environmental circumstances can render non-hematopoietic cells susceptible to T-cell recognition
of broadly expressed MiHa. Because the magnitude and diversity of alloreactive T-cells responses

in patients with selective GVL reactivity have shown to be lower than in patients with GVL
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combined with GVHD, it is suggested that limited GVHD also benefits GVL.?

Tumor-related antigens

Another group of antigens that have the potential to give rise to beneficial T-cell responses
after alloSCT are tumor-related antigens. Tumor cells can express proteins that are essential or
associated with their malignant phenotype. Within this group of tumor-related antigens, several
categories can be distinguished, like tumor-associated virus antigens, tumor-specific antigens and
tumor-associated antigens (TAA).2¥42 For example the Epstein-Barr virus (EBV) and human T-cell
lymphotropic virus type 1 (HTLV-1) can be involved in the formation of hematologic malignancies,
especially lymphoid neoplasms.*® Since these antigens are non-self and are (over)expressed by
tumor cells, donor-derived T cells can recognize these antigens as foreign. However, only a limited
number of hematologic cancers is initiated by viruses and express these antigens. Tumor-specific
antigens or neoantigens are antigens derived from mutated oncogenes or tumor suppressor
genes, or chromosomal translocations. Since these mutations or translocations only occur in the
tumor cells and not in healthy cells, these newly formed antigens are tumor-specific. Examples of
mutations that give rise to mutant antigens in AML patients are internal tandem duplications of
the FMS-like tyrosine kinase 3 gene (Flt3) and mutations in the nucleophosmin 1 (NPM1) gene.*4>
Nonetheless, the majority of tumor-related antigens belong to the group of TAA comprising non-
mutated monomorphic self-antigens like differentiation antigens, aberrantly expressed antigens
(eg, WT1, RHAMM, proteinase-3)**° and cancer-germline antigens (also known as cancer-testis
antigens; eg, PRAME, NY-eso-1).°%*2 These antigens are expected to be overexpressed in malignant
cells, while expression is absent or low in healthy cells. Several studies have suggested that T
cells recognizing these self-antigens may contribute to antitumor reactivity after HLA-matched
alloSCT.38:39495365 A relation has been proposed between expansion of TAA-specific T cells in the
peripheral blood of patients and better relapse-free survival.®® In addition, disease relapses have
been observed in patients in the absence of TAA-specific T cells.®’”””2 Furthermore, multiple phase
I/l vaccination studies have targeted TAA in patients with hematologic malignancies.>®® Although
in a minority of patients clinical responses coincided with increased frequencies of TAA-specific T
cells in peripheral blood, a causative relation between the induction of high-avidity TAA-specific T
cells and clinical effect has not been proven so far.*®* Due to these inconsistent results, the value

of TAA as targets to boost GVL-responses needs to be exploited in more detail.

PREVENTION OF GVHD

Although donor-derived T-cells transferred with the graft can elicit alloreactive T-cell responses
resulting in GVL, the administration of T cells together with stem cells of donor origin will
simultaneously induce GVHD in the majority of patients. GVHD can present in an acute or
chronic state, in several grades of severity, commonly affecting patient’s skin, gut, liver and/or

lungs.”?76151% Since this dominant complication is associated with high morbidity and mortality,
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several strategies have been studied to reduce the risk of GVHD.”37477.7

HLA-matching

Since most tissue cells express HLA class |, mismatches for HLA class I-molecules between patient
and donor often result in GVHD when donor T cells recognize healthy patient tissues, or graft
rejection when residual patient T cells recognize donor stem cells. Therefore, it is preferred to
match HLA-alleles between donor and patient. Only 25% of a patient’s siblings are statistically
HLA-identical, limiting the chance to find an HLA-matched related donor for a specific patient.
Since the variation in HLA-polymorphisms is enormous, the chance of finding a matched unrelated
donor in an international data bank is highly dependent on the patient’s genetic background.
For Caucasian patients, the chance of finding a 10/10 HLA-matched donor (only mismatched
on HLA-DP allele(s)) is about 50-70%, but this chance will drop to 10-15% for patients with a
non-Caucasian background.”?®! Although the risk of (extensive) GVHD can be diminished by HLA-

matching, HLA-matching alone is not sufficient to prevent GVHD.

Immune suppressive medication

Many transplant centers do not manipulate the composition of the grafts before administration
to the patient, which is called a T-cell replete alloSCT. Using this approach, long-term prophylactic
immunosuppressive medication like cyclosporine A is indicated for several months to years to
prevent GVHD. Since pre-clinical models have demonstrated that especially donor-derived TCR
a/B T cells with a naive phenotype are the major players in the development of GVHD, strategies
have focused on either the reduction of potentially alloreactive T cells in the patient (in vivo) or in

the graft before administration to the patient (in vitro).

In vivo T-cell depletion

In vivo T-cell depletion (TCD) using antibodies can be applied as part of the conditioning regimen
before transplantation. A lot of experience has been obtained with alemtuzumab (ALT) and anti-
thymocyte globulin (ATG). ALT is a humanized monoclonal antibody of the 1gG1 type which targets
the glycophosphatidylinositol (GPI)-anchored protein CD52.8% This antigen is expressed on mature
lymphocytes at different levels and not (or only marginally) on hematopoietic stem and progenitor
cells.®* ATGis a polyclonal antibody that targets several antigens that are mainly expressed on T cells
in blood and peripheral lymphoid tissue.®> When ALT and/or ATG are administered to the patient
before infusion of the graft, the effect is both directed against residual patient-derived T cells that
survived the chemotherapy and/or TBI included in the conditioning regimen, as well as against
donor-derived T cells that are administered together with the stem cells during transplantation.
Elimination of patient-derived T cells may favor the risk of graft rejection and may thereby support
engraftment after transplantation.® Especially in HLA-mismatched transplantation, reducing the

risk of graft rejection is of major importance. Elimination of donor-derived T cells is of importance
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to reduce the risk of acute and chronic GVHD.

In vitro T-cell depletion

In vitro TCD is achieved by manipulation of the graft before infusion into the patient. One strategy
is the elimination or selection of specific cell populations by using antibody-coated magnetic
beads and magnetic separation.?”® Selection of CD34> cells can be achieved by the physical
positive isolation of CD34> cells to create a purified graft of stem and progenitor cells, while only
a very limited number of T cells is preserved.®# Although clinical applications showed stable
engraftment and low incidence of acute and chronic GVHD in the absence of immunosuppressive
therapy, concerns regarding the risk for disease relapse and opportunistic viral infections
remained. Therefore, the application of limited T-cell addback to CD34" selected T-cell grafts
has been explored to support early T-cell reconstitution and preserve protective immunity after
alloSCT.*? These observations suggest that a limited amount of T cells in the graft is necessary for
early immune reconstitution and protection against viral reactivations. Another strategy is the
in vitro selective depletion of TCR a/B T cells from stem cell grafts.®®®? This approach is thought
to results in the efficient depletion of TCR a/B T cells while TCR y/6 T cells are expected to be
preserved in the grafts, leading to a significant reduction in GVHD incidence while a sustained

reactivity against pathogens is maintained.

ALT can also be added directly to the stem cell graft before infusion, known as in vitro TCD or ‘ALT
to the bag’. Using this strategy, donor-derived CD527 cells can be depleted already before graft
infusion into the patient. Although the exact effect of ALT addition to grafts on graft composition
is not studied extensively, it has shown to be a very effective and fast method for prevention of
GVHD as part of both MA and NMA conditioning.**%8

Although these mentioned approaches to prevent GVHD result in a significant decrease in
incidence and severity of GVHD, beneficial T-cell responses are also impaired by the use of
immunosuppressive medication and/or TCD. The GVL effect will be diminished, leading to a
high risk of disease relapse. Furthermore, ALT- and/or ATG-based TCD may lead to an increased
incidence of viral reactivations compared to non-TCD alloSCT protocols, resulting in substantial
morbidity.*>*® However, the incidence of viral disease has shown to be comparable between
these two protocols, suggesting that close monitoring and pre-emptive antiviral therapy might

prevent the progression from viral reactivation to viral disease. 101103

VIRAL COMPLICATIONS AFTER TCD alloSCT
The major viral pathogens causing serious morbidity and mortality after alloSCT are the
cytomegalovirus (CMV), Epstein-Barr virus (EBV) and human adenovirus (AdV). In immune

competent individuals, infections with these viruses normally occur during childhood or
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adolescence and are accompanied by mild or even absent symptoms and have a self-limiting
character. Professional antigen-presenting cells are required for the induction of a primary T-cell
responses upon first infection, leading to a rapid increase of effector T cells and the formation
of memory T cells. Because these viruses will not be entirely cleared from their host but remain
latently present in immune and tissue cells, this immunological memory is very important to
remain protected against viral reactivations. However, during a state of immunodeficiency as
in the period after alloSCT, this protective immunity is destroyed by the conditioning regimen
and reactivations are not any longer controlled by memory T cells. In the absence of protective

immunity, viral infected cells are not eliminated and the virus can replicate uncontrolled.

Multiple factors influence the timing, rate and diversity of cellular immune reconstitution after
alloSCT, like conditioning regimen (including TCD), patient age, stem cell source, occurrence of
GVHD and the use of immunosuppressive therapy.'®1% T-cell reconstitution can be considerably
delayed due to TCD of the graft, and is often incomplete. Sources for T-cell reconstitution can be
both patient-derived T cells that survived the conditioning regimen and donor-derived T cells
that are transferred with the transplant. These mature T cells from patient or donor origin may
also comprise virus-specific T cells with a memory phenotype that can readily provide protection
against viral reactivations. Besides that, de novo generated naive T cells derived from the
transplanted donor stem cells and educated in the patient thymus are another source of T-cell
reconstitution. However, these latter T cells need time to develop, to receive adequate stimulation
by professional antigen-presenting cells and to expand until appropriate cell numbers are reached
to fight a primary viral infection or viral reactivation. Although these de novo developing T cells are
of importance for rebuilding the immune system in the long term, these cells only have a limited

role in the control of viral complications in the critical first months after TCD alloSCT.

Cytomegalovirus

CMV is responsible for the majority of viral reactivations following alloSCT. The risk of reactivation
of CMV is dictated by the serostatus of both patient and donor.2%®% Between 45-60% of patients
that receive an alloSCT, have encountered CMV before (seropositive patients) and are at risk for
an endogenous CMV reactivation after transplantation.!'> CMV infection of a CMV-seronegative
patient via a stem cell graft from a CMV-seropositive donor can occur, but is less common.
Ultimately, around 80% of CMV-seropositive patients will encounter a CMV reactivation after
alloSCT.**? The CMV reactivation may progress to CMV disease characterized by potentially fatal
organ involvement, such as CMV pneumonia, colitis or encephalitis.'** The availability of antiviral
agents like (val)ganciclovir and foscarnet have contributed to a significant reduction in CMV-
related morbidity and mortality following TCD alloSCT. However, administration of these drugs is
limited by adverse effects and possible development of resistance, and antiviral therapy has only

a temporary effect.’**!* Subsequently, the incidence of CMV disease is still 10% in the first year
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after alloSCT in CMV-seropositive patients.*?

Epstein-Barr virus

Almost 90% of the population is EBV seropositive at adult age.'*® After an active infection, the
virus latently resides in B cells. In patients after alloSCT, both residual patient-derived B cells that
survived the conditioning regimen as well as transferred donor-derived B cells with the graft, are a
source for EBV reactivations. An impaired immune system may not be able to prevent the massive
expansion of EBV-infected B cells leading to potentially fatal post-transplant lymphoproliferative
disease (PTLD) in about 0.5-17% of patients.**’ In case TCD strategies only focus on the elimination
of T cells, donor-derived B cells in the graft remain an important risk factor. However, using in
vitro ALT-based TCD strategies, the risk of EBV-PTLD is not significantly increased compared to
T-cell replete alloSCT, because B cells also highly express CD52 and are eliminated by ALT.18119
Both prevention and therapy of EBV-PTLD rely on rituximab targeting the CD20-antigen which is
expressed by both EBV-infected B cells as well as healthy B cells.

Adenovirus

AdV reactivations after alloSCT show a high incidence particular in pediatric patients, while the
incidence in adult patients is around 3-20%.1%12° AdV infections can progress to severe localized
or disseminated disease, which is associated with high mortality rates. Reconstitution of AdV-
specific T cells has been demonstrated to be essential to control AdV infections after alloSCT.*2+122
The efficacy of antiviral treatment for AdV infections like cidofovir is still under investigation and is

associated with severe toxic effects.'??

DONOR LYMPHOCYTE INFUSION

TCD can efficiently reduce the risk of acute and chronic GVHD. However, by reducing or eliminating
T cells from the graft, the curative GVL effect and viral immunity are abrogated as well as. To
(re)introduce GVL effect and viral protection after TCD alloSCT, the concept of donor lymphocyte
infusions (DLI) has been developed.** In this approach, unselected lymphocytes from the stem
cell donor are administered to patients after TCD alloSCT, with the aim to induce durable remission
of persistent or relapsed disease. Timing, clinical setting and dosing of DLI determines whether
GVL effect and viral immunity can be promoted while the risk and intensity of GVHD remains
acceptable.’”® A longer time period between alloSCT and DLI is associated with lower intensity
of GVHD and allows infusion of higher doses of DLI. By postponing the administration of donor
lymphocytes, the inflammatory environment and the tissue damage caused by the conditioning
regimen is gradually resolved. Moreover, the majority of patient antigen-presenting cells have
been replaced by donor antigen-presenting cells reducing the presentation of patient-derived
antigens and alloreactive T-cell activation directed against (healthy) patient tissue. Because

immunosuppressive drugs are not indicated after TCD, transferred T cells of the DLI can proliferate
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and function without exogenous inhibition, and the post-transplant lymphopenic condition of
patients allows the homeostatic proliferation of T cells.*?® DLI can be applied in a prophylactic,
pre-emptive or therapeutic settings. Prophylactic administration is usually administered at a pre-
defined moment to prevent disease relapse, regularly 3-6 months post-alloSCT. Later application
of prophylactic DLI lowers the risk of GVHD, but comes at the cost of increased risk of disease
relapse in the meantime. Pre-emptive and therapeutic administration of DLI can be applied in case
patients suffer from mixed-chimerism or early disease relapses.'?”*?¢ Besides the introduction of
a GVL effect, the therapeutic administration of unmanipulated DLI from virus-seropositive donors
has also been administered in the setting of refractory viral reactivations to boost the virus-specific
immune system.?*%3 The optimal dosing of DLI depends on the conditioning regimen, donor
source, time after transplantation and clinical setting. For example, DLI after NMA conditioning,
obtained from an unrelated donor, infusion early after alloSCT or applied in a prophylactic setting

only allows low doses of DLI to reduce the risk of GVHD.12>132133

ADOPTIVE T-CELL THERAPY

Although the two step approach of TCD alloSCT followed by unmanipulated DLI may be an efficient
and relatively safe way to treat patients with hematologic malignancies, patients are vulnerable
to disease relapses and viral reactivations in the period between TCD alloSCT and unmanipulated
DLI.1?"12¢ Therefore, the adoptive transfer of selected T-cell populations with exclusively beneficial
effects is highly desirable early after TCD alloSCT. Prerequisites for the broad application of
selective T-cell therapy is the knowledge of targetable antigens that are shared between patients

and the feasibility of isolation methods for clinical application.

Virus specific T-cell therapy

Much experience has been gained with the generation of virus-specific T-cell products to prevent
or treat viral reactivations or viral disease.***3> Initially, virus-specific T-cell lines were created by
in vitro repetitive antigenic stimulation of T cells with (pools of) overlapping peptides followed
by long-lasting expansion in the presence of interleukin-2 to generate virus-specific T-cell
products.’*13 However, the in vivo efficacy and long-term survival of virus-specific T-cell lines after
administration was disappointing, attributed to the abrupt withdrawal from IL-2 in combination
with functional and phenotypical changes of T cells initiated during the culture period.*%#!
Furthermore, long-term culture periods make this strategy not applicable for the treatment of
patients with rapid progressive viral disease. Further efforts have been made to develop methods
to directly isolate CD4?° and/or CD8P* virus-specific T cells from the blood of seropositive donors
followed by short time culturing or direct infusion without in vitro expansion. These T cells are
supposed to proliferate more efficiently under physiological conditions in vivo compared to
extensively in vitro cultured T cells. In this respect, peripheral blood of virus seropositive donors

were stimulated with viral peptides, after which activated CD4?° and CD8 T cells were isolated
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based on an activation-induced effect, like the secretion of cytokines (eg, interferon gamma) or
the expression of activation markers (eg, CD137) at the cell surface.**?**° These studies show that
the generation of CMV, EBV and AdV-specific T-cell lines is feasible, administration is safe and
enduring efficacy could be demonstrated by simultaneous appearance of virus-specific T cells in
the peripheral blood in concordance with viral control. The isolation of CD8P* peptide-specific
T cells can also be achieved using MHC |-multimers (tetramers) or MHC |-Streptamers (Figure
1). Both are techniques to isolate T cells based on the specificity of their T-cell receptor and are
independent of T-cell kinetics of cytokine production or activation marker expression. However,
these approaches require knowledge of defined viral peptides restricted to prevalent MHC |
molecules and are not available for the isolation of CD4** T cells due to the lack of functional
MHC class ll-multimers or-Streptamers. In contrast to MHC I-tetramers, the MHC |-Streptamer
technology is designed for clinical grade isolation of T-cell populations, since MHC |-Streptamer-
complexes can be dissociated from the T cells resulting in noncoated, unlabelled antigen-specific
T-cell products with a preserved T-cell function, suitable for direct clinical administration.****>? The
feasibility of this Good Manufacturing Practice (GMP) compliant technology was demonstrated
in various (pre-)clinical studies by the isolation of very pure CD&8 T-cell products containing
acceptable numbers of contaminating T cells.?>>*>7 Although CD4*> helper T cells are thought to
contribute to in vivo survival, persistence and function of CD8%* T cells, the infusion of CD8P° CMV-
or EBV-specific T-cell populations reported promising results regarding T-cell expansion and clinical
outcomes as applied in the therapeutic setting. Furthermore, previous observations suggested
that the adoptive transfer of a minimum of 250-5,000 virus-specific T cells/kg body weight of
the patient is sufficient for virus control in the therapeutic setting, encouraging the infusion of
direct ex vivo isolated T cells without in vitro expansion 415615815 Recently, the generation of
T-cell products specific for multiple antigens derived from different viruses has been proposed to
provide viral disease prophylaxis or treatment after (TCD) alloSCT.**¢1¢%161 However, the optimal
strategy for fast generation, safe administration and clinical efficacy of multi-virus specific T-cell

products needs improvement to incorporate their application in standard clinical practice.

MiHA-specific T-cell therapy

MiHA can be therapeutically relevant for treatment strategies aimed to promote GVL without
initiating GVHD. Theoretically, the adoptive transfer of high-avidity T cells directed against
hematopoiesis-restricted MiHA isolated from MiHA™ donors seems a suitable strategy. However,
T-cells directed against MiHA are expected to derive from the donors naive T-cell repertoire, implying
a very low frequency in peripheral blood. This makes the enrichment of MiHA-specific T cells even
more complex than the obtainment of virus-specific T-cells from seropositive healthy donors, and
theoretically similar to the isolation of virus-specific T cells from seronegative donors. This was
illustrated before by the generation of leukemia-specific cytotoxic T-cell lines by the stimulation of

T cells of HLA-matched donors with leukemic cells of the patients, followed by long-term in vitro
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culturing under stringent GMP conditions before infusion into the patient.’*>!% Although some
patients did benefit from this therapy, the strategy was logistically complex, time consuming and
only successful in a limited number of cases. Afterwards, studies focussed on the application of
T-cell lines after alloSCT directed against specific hematopoiesis-restricted MiHA with a balanced
allele frequency in the population, like HA-1H. However, the isolation and adoptive transfer of HA-
1H-specific T-cell lines has so far not resulted in durable in vivo persistence of HA-1H-specific T
cells.’®*1% As already mentioned for virus-specific T cells, long-term in vitro culture may limit the in
vivo expansion capacity of T cells. Therefore, other strategies for adoptive transfer of hematopoiesis-
restricted MiHA-specific T cells need to be developed. Besides the isolation and administration of
unmanipulated T-cells, T cells can be genetically engineered by TCR gene transfer for hematopoiesis-
restricted MiHA to obtain high numbers of MiHA-specific T cells.'>*1%%1%7 Furthermore, vaccination
strategies with donor and patient antigen-presenting cells loaded with MiHA peptides have been

explored to boost donor-derived MiHA-specific T-cell responses after alloSCT. 68160

MHC |-Strep proteins g MHC |-Streptamers

+ — ..+ ¢
Strep-Tactin 7 :&
nanobeads M ‘%f

T-cell product é

W

O Donor PBMC

O
® O=:
PO= oy

LN ¢
D-Biotin . ! )

Figure 1. MHC I-Streptamer technology for isolation of antigen-specific T cells from peripheral blood

CliniMACS®

mononuclear cells (PBMC). MHC I-Streptamers are generated by the incubation of peptide-loaded MHC I-Strep-
proteins with magnetically labelled Strep-Tactin nanobeads, and are incubated with PBMC to allow binding of
MHC I-Streptamers to antigen-specific T cells. Isolation of MHC I-Streptamer bound cells is performed on a
CliniMACS or MidiMACS separator device. After dissociation of MHC I-Streptamers from antigen-specific T cells
using D-Biotin, the result is a T-cell product containing unmanipulated antigen-specific T cells.
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Tumor-related T-cell therapy

Tumor-specific and tumor-associated antigens are both explored as targets for adoptive T-cell therapy
in the setting of hematologic malignancies.!’® As WT1 is classified as the ‘priority antigen’ by the
American National Cancer Institute, many clinical trials have focussed on WT1 as tumor-target.*’
Besides many active immunotherapy approaches like vaccination studies, only a limited number
of clinical trials made use of passive immunotherapeutic approaches like the adoptive transfer of
genetically unmanipulated donor-derived TAA-specific T cells with the aim to induce antitumor
responses. In two study, T-cell lines directed against BCR-ABL, WT1 and proteinase-3 versus only
WT1 were generated by stimulation of donor-derived T cells with donor-derived mature dendritic
cells loaded with peptides of the mentioned antigens.'’%”? After several rounds of stimulation, T-cell
products were prophylactically or therapeutically administered to leukemia patients after alloSCT.
Although generation and administration of T-cell products was feasible and safe, it is hard to prove
efficacy. Again, using this approach, several in vitro stimulation and expansion rounds are needed,
making it a time-consuming and labour-intensive approach. Wang et al demonstrated the direct
ex vivo isolation of WT1-specific T cells from alloSCT donor-derived leukapheresis products using
MHC |-Streptamers.r’® Although WT1-specific T cells could be enriched from donor peripheral blood
mononuclear cells (PBMC), T-cell products contained only a few million cells due to the very low
precursor frequency of WT1-specific T cells in the peripheral blood of healthy individuals. Therefore,
the direct isolation of TAA-specific T cells for adoptive T-cell therapy approaches is as complex as for
MiHA-specific T cells and needs further investigation. Currently, several trials are enrolling patients
to test genetically unmanipulated T-cell immunotherapeutic approaches targeting TAA.*%*74 However,
at the same time, it is still under debate whether TAA are effective targets for passive or active
immunotherapy strategies. The most important question that needs to be addressed is whether TAA-
specific T cells that are able to recognize TAA-expressing malignant cells are actually present in the T-cell
repertoire of healthy individuals, as negative thymic selection is supposed to delete high-avidity TAA-
specific T cells to prevent auto-immunity. An argument supporting the value of TAA in immunotherapy
is the dysregulated overexpression of TAA in malignant cells which may allow the immune system to

discriminate TAA-expressing malignant cells from their healthy counterparts.*>+17>176

AIM OF THE THESIS

Donor-derived T cells play a key role in alloSCT. In the period around the transplantation, donor-
derived T cells are depleted or suppressed to reduce the risk of harmful GVHD. However, in the
complete absence of donor-derived T cells, the curative GVL effect of alloSCT and the virus-specific
immunity is abrogated. Therefore, the major challenge in the field of alloSCT is to find a balance
between the GVL effect and viral protection versus GVHD. The research described in this thesis

focusses on the manipulation of donor-derived T cells during the process of alloSCT.
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To reduce the risk of GVHD after alloSCT, several strategies for TCD have been proposed. In chapter
2 we study the effect of in vitro ALT addition on the composition of allogeneic stem cell grafts
before infusion into the patients. The depletion efficiencies of different lymphocytes and T-cell
subsets are investigated by comparing the composition of grafts before and after the incubation
with ALT. Subsequently, we analyze whether the composition of the grafts at the moment of
infusion into the patients are predictive for T-cell reconstitution and the development of GVHD
early after ALT-based TCD alloSCT. These observations result in better understanding of the effect
of ALT on different lymphocyte subsets and suggestions for the in vitro application of ALT for the

depletion of T cells in allogeneic stem cell grafts.

As long-term immunosuppression is not indicated after TCD alloSCT, this transplantation strategy is
an ideal platform for the application of adoptive T-cell therapy to reduce complications early after
TCD alloSCT. In chapter 3 the development of a widely applicable method for the simultaneous
isolation of multiple antigen-specific T-cells populations from donor PBMC is studied. The MHC
|-Streptamer technology was previously developed for the detection and isolation of antigen-
specific T-cell populations under GMP conditions. So far, MHC I-Streptamers were used for the
isolation of virus-specific T-cell populations from virus-seropositive donors with a relatively high
precursor frequency in the donor’s peripheral blood. Furthermore, the clinically applied T-cell
products isolated with this approach targeted a limited number of different virus-specific T-cell
antigens. Although T cells directed against a single antigen can control viral reactivations, the
inclusion of T cells with different target antigen specificities in one product may be preferred for
viral control. Therefore, we assess how many T-cell populations can be simultaneously targeted
in one isolation procedure while the purity of the product is maintained and the isolation of
potentially harmful alloreactive T cells remains limited. In addition, we investigate whether T-cell
populations with high frequencies in the peripheral blood can be isolated in the same procedure
as T-cell populations with very low frequencies in the peripheral blood of healthy individuals, like
virus-specific T cells from seronegative individuals, MiHA- and TAA-specific T cells. Based on our
findings, we define optimal technical conditions to isolate multi-antigen specific T-cell products

from donor PBMC using the MHC I-Streptamer technology for direct clinical application.

In chapter 4 we investigate the clinical application of MHC I|-Streptamer isolated multi-antigen
specific T-cell products for the prevention of viral reactivations and disease relapses early after
TCD alloSCT in a phase I/Il trial. The feasibility of patient/donor inclusion and donor-derived
T-cell products generation is assessed. We aim to isolate personalized T-cell products targeting
CMV-, EBV-, AdV-, TAA- and MIHA-specific antigens based on the technical knowledge obtained
in chapter 3, to boost both virus-specific and tumor-specific T-cell immunity. Furthermore, the
safety of prophylactic infusion early after TCD alloSCT is analyzed with respect to infusion-related

complications and the initiation of GVHD. Patient follow-up provides information on the relation
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between T-cell product infusions, the occurrence of clinical events like viral reactivations and
disease relapses, and the expansion of target-antigen-specific T cells in the peripheral blood of
the patients. The results of this study give insight in the safety and feasibility of personalized
adoptive T-cell therapy using MHC I-Streptamers and might hint for patient groups that benefit of

prophylactic interventions to prevent complications early after TCD alloSCT.

In literature, TAA are proposed as powerful target antigens for immunotherapeutic approaches
to stimulate antitumor reactivity. Since the isolation and administration of TAA-specific T cells is
also aimed in the clinical study of chapter 4, we investigate in chapter 5 whether TAA-specific T
cellsin the repertoire of healthy individuals actually have the potential to recognize endogenously
processed and presented TAA. TAA-specific T cells are isolated using MHC |-Streptamers from
healthy donors and are functionally analyzed to demonstrate whether clinically relevant antitumor
responses directed against these self-antigens in the context of self-HLA are expected to develop
from the autologous or HLA-matched repertoire after immunotherapeutic interventions like TAA-

specific vaccination, stem cell transplantation or adoptive immunotherapy.

In chapter 6 the results of this thesis are summarized and discussed and conclusions based on the

results of this thesis and recent literature are drawn.

24 | CHAPTER1



REFERENCES

10.

Thomas ED. Bone marrow transplantation from
bench to bedside. Ann N Y Acad Sci. 1995;770:34-
41.

Appelbaum  FR. The current status of
hematopoietic cell transplantation. Annu Rev Med.
2003;54:491-512.

Welniak LA, Blazar BR, Murphy WJ. Immunobiology
of allogeneic  hematopoietic ~ stem  cell
transplantation. Annual review of immunology.
2007;25:139-170.

Korbling M, Anderlini P. Peripheral blood stem cell
versus bone marrow allotransplantation: does the
source of hematopoietic stem cells matter? Blood.
2001;98(10):2900-2908.

Arai S, Klingemann HG. Hematopoietic stem
cell transplantation: bone marrow vs. mobilized
peripheral blood. Arch Med Res. 2003;34(6):545-
553.

Gale RP, Horowitz MM, Ash RC, et al. Identical-twin
bone marrow transplants for leukemia. Ann Intern
Med. 1994;120(8):646-652.

Falkenburg JH, Warren EH. Graft versus
leukemia reactivity after allogeneic stem cell
transplantation. Biology of blood and marrow
transplantation : journal of the American Society
for Blood and Marrow Transplantation. 2011;17(1
Suppl):S33-38.

Riddell SR, Berger C, Murata M, Randolph S,
Warren EH. The graft versus leukemia response
after allogeneic  hematopoietic stem cell
transplantation. Blood reviews. 2003;17(3):153-
162.

Falkenburg JH, Jedema I. Allo-reactive T cells for
the treatment of hematological malignancies. Mol
Oncol. 2015;9(10):1894-1903.

Giralt S. Reduced-intensity conditioning regimens

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

for hematologic malignancies: what have we
learned over the last 10 years? Hematology Am
Soc Hematol Educ Program. 2005:384-389.

Slavin 'S, Nagler A, Naparstek E, et al
Nonmyeloablative stem cell transplantation and
cell therapy as an alternative to conventional bone
marrow transplantation with lethal cytoreduction
for the treatment of malignant and nonmalignant
hematologic diseases. Blood. 1998;91(3):756-763.
Klein J, Sato A. The HLA system. First of two parts.
N Engl J Med. 2000;343(10):702-709.

Parham P. Virtual reality in the MHC. Immunol Rev.
1999;167:5-15.

Blackwell TK, Alt FW. Molecular characterization of
the lymphoid V(D)) recombination activity. J Biol
Chem. 1989;264(18):10327-10330.

Klein L, Kyewski B, Allen PM, Hogquist KA. Positive
and negative selection of the T cell repertoire:
what thymocytes see (and don’t see). Nat Rev
Immunol. 2014;14(6):377-391.

Goldrath AW, Bevan MJ. Selecting and
maintaining a diverse T-cell repertoire. Nature.
1999;402(6759):255-262.

Starr TK, Jameson SC, Hogquist KA. Positive and
negative selection of T cells. Annual review of
immunology. 2003;21:139-176.

Wiegers GJ, Kaufmann M, Tischner D, Villunger
A. Shaping the T-cell repertoire: a matter of
life and death. Immunology and cell biology.
2011;89(1):33-39.

Viret C, Janeway CA, Jr. MHC and T cell
development. Rev Immunogenet. 1999;1(1):91-
104.

Robins HS, Campregher PV, Srivastava SK, et al.
Comprehensive assessment of T-cell

receptor

beta-chain diversity in alphabeta T cells. Blood.

GENERAL INTRODUCTION AND AIM OF THE THESIS | 25



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

2009;114(19):4099-4107.

Arstila TP, Casrouge A, Baron V, Even J,
Kanellopoulos J, Kourilsky P. A direct estimate of
the human alphabeta T cell receptor diversity.
Science. 1999;286(5441):958-961.

Appay V, van Lier RA, Sallusto F, Roederer M.
Phenotype and function of human T lymphocyte
subsets: consensus and issues. Cytometry A.
2008;73(11):975-983.

Croft M. Activation of naive, memory and effector
T cells. Curr Opin Immunol. 1994,6(3):431-437.
Vignali DA, Collison LW, Workman CJ. How
regulatory T cells work. Nat Rev Immunol.
2008;8(7):523-532.

Barge RM, Brouwer RE, Beersma MF, et al.
Comparison of allogeneic T cell-depleted
peripheral blood stem cell and bone marrow
transplantation: effect of stem cell source on
short- and long-term outcome. Bone Marrow
Transplant. 2001;27(10):1053-1058.

Griffioen M, van Bergen CA, Falkenburg JH.
Autosomal Minor Histocompatibility Antigens:
How Genetic Variants Create Diversity in Immune
Targets. Frontiers in immunology. 2016;7:100.
Goulmy E. Human minor histocompatibility
antigens. Curr Opin Immunol. 1996;8(1):75-81.
van Bergen CA,

van Luxemburg-Heijs SA,

de Wreede LC, et al. Selective graft-versus-
leukemia depends on magnitude and diversity
of the alloreactive T cell response. J Clin Invest.
2017;127(2):517-529.

Marijt WA, Heemskerk MH, Kloosterboer FM, et al.
Hematopoiesis-restricted minor histocompatibility
antigens HA-1- or HA-2-specific T cells can induce
complete remissions of relapsed leukemia. Proc
Natl Acad Sci U S A. 2003;100(5):2742-2747.

de Bueger M, Bakker A, Van Rood JJ, Van der

Woude F, Goulmy E. Tissue distribution of

CHAPTER 1

31

32.

33.

34.

35.

36.

37.

human  minor  histocompatibility — antigens.
Ubiquitous versus restricted tissue distribution
indicates heterogeneity among human cytotoxic
T lymphocyte-defined non-MHC antigens. J
Immunol. 1992;149(5):1788-1794.

Goulmy E, Schipper R, Pool J, et al. Mismatches
of minor histocompatibility antigens between
HLA-identical donors and recipients and the
development of graft-versus-host disease after
bone marrow transplantation. N Engl J Med.
1996;334(5):281-285.

Falkenburg JH, van de Corput L, Marijt EW,
Willemze R. Minor histocompatibility antigens in
human stem cell transplantation. Experimental
hematology. 2003;31(9):743-751.

Oostvogels R, Lokhorst HM, Mutis T. Minor
histocompatibility Ags: identification strategies,
clinical results and translational perspectives.
Bone Marrow Transplant. 2016;51(2):163-171.
Van Bergen CA, Rutten CE, Van Der Meijden
ED, et al. High-throughput characterization of
10 new minor histocompatibility antigens by
whole genome association scanning. Cancer Res.
2010;70(22):9073-9083.

Griffioen M, Honders MW, van der Meijden
ED, et al. Identification of 4 novel HLA-B*40:01
restricted minor histocompatibility antigens and
their potential as targets for graft-versus-leukemia
reactivity. Haematologica. 2012;97(8):1196-1204.
Kawase T, Nannya Y, Torikai H, et al. Identification of
human minor histocompatibility antigens based on
genetic association with highly parallel genotyping
of pooled DNA. Blood. 2008;111(6):3286-3294.
Spaapen RM, de Kort RA, van den Oudenalder K,
et al. Rapid identification of clinical relevant minor
histocompatibility antigens via genome-wide
zygosity-genotype correlation analysis. Clin Cancer

Res. 2009;15(23):7137-7143.



38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Coulie PG, Van den Eynde BJ, van der Bruggen

P, Boon T Tumour antigens recognized

by T Ilymphocytes: at the core of cancer
immunotherapy. Nat Rev Cancer. 2014;14(2):135-
146.

Anguille S, Van Tendeloo VF, Berneman ZN.
Leukemia-associated antigens and their relevance
to the immunotherapy of acute myeloid leukemia.
Leukemia. 2012;26(10):2186-2196.
Sadrzadeh H, Abtahi SM, Fathi AT. Infectious
pathogens and hematologic malignancy. Discov
Med. 2012;14(79):421-433.

Bright RK, Bright JD, Byrne JA. Overexpressed
oncogenic tumor-self antigens. Hum Vaccin
Immunother. 2014;10(11):3297-3305.

Human  Tumor

Vigneron N. Antigens and

Cancer Immunotherapy. Biomed Res Int.
2015;2015:948501.

Mesri EA, Feitelson MA, Munger K. Human viral
oncogenesis: a cancer hallmarks analysis. Cell Host
Microbe. 2014;15(3):266-282.

Scholl S, Salzmann S, Kaufmann AM, Hoffken
K. FIt3-ITD mutations can generate leukaemia
specific  neoepitopes:  potential role  for
immunotherapeutic approaches. Leuk Lymphoma.
2006;47(2):307-312.

Greiner J, Ono Y, Hofmann S, et al. Mutated
regions of nucleophosmin 1 elicit both CD4(+)
and CD8(+) T-cell responses in patients with acute
myeloid leukemia. Blood. 2012;120(6):1282-1289.
Greiner J, Ringhoffer M, Taniguchi M, et al.

Receptor for hyaluronan acid-mediated motility

(RHAMM) is a new immunogenic leukemia-
associated antigen in acute and chronic
myeloid leukemia. Experimental hematology.

2002;30(9):1029-1035.
Yang L, Han Y, Suarez Saiz F, Minden MD. A

tumor suppressor and oncogene: the WT1 story.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Leukemia. 2007;21(5):868-876.

Inoue K, Ogawa H, Sonoda Y, et al. Aberrant
overexpression of the Wilms tumor gene (WT1) in
human leukemia. Blood. 1997;89(4):1405-1412.
Molldrem  JJ, Komanduri K, Wieder E.
Overexpressed differentiation antigens as targets
of graft-versus-leukemia reactions. Curr Opin
Hematol. 2002:9(6):503-508.

Thomas R, Al-Khadairi G, Roelands J, et al.
NY-ESO-1 Based Immunotherapy of Cancer:
Current Perspectives. Frontiers in immunology.
2018;9:947.

Ding K, Wang XM, Fu R, Ruan EB, Liu H, Shao
ZH. PRAME Gene Expression in Acute Leukemia
and Its Clinical Significance. Cancer Biol Med.
2012;9(1):73-76.

Al-Khadairi G, Decock J. Cancer Testis Antigens
and Immunotherapy: Where Do We Stand in the
Targeting of PRAME? Cancers (Basel). 2019;11(7).
GreinerJ, Schmitt M, Li L, et al. Expression of tumor-
associated antigens in acute myeloid leukemia:
Implications  for specific immunotherapeutic
approaches. Blood. 2006;108(13):4109-4117.
Kolb HJ. Hematopoietic stem cell transplantation
and cellular therapy. HLA. 2017;89(5):267-277.
van Duin M, Broyl A, de Knegt Y, et al. Cancer testis
antigens in newly diagnosed and relapse multiple
myeloma:

prognostic markers and potential

targets for immunotherapy. Haematologica.
2011;96(11):1662-1669.

Keilholz U, Letsch A, Busse A, et al. A clinical and
immunologic phase 2 trial of Wilms tumor gene
product 1 (WT1) peptide vaccination in patients
with AML and MDS. Blood. 2009;113(26):6541-
6548.

Oka Y, Tsuboi A, Taguchi T, et al. Induction of
WT1 (Wilms" tumor gene)-specific cytotoxic T

lymphocytes by WT1 peptide vaccine and the

GENERAL INTRODUCTION AND AIM OF THE THESIS | 27



58.

59.

60.

61.

62.

63.

64.

65.

66.

resultant cancer regression. Proc Natl Acad Sci U
SA.2004;101(38):13885-13890.

Anguille S, Van de Velde AL, Smits EL, et al.
Dendritic cell vaccination as postremission
treatment to prevent or delay relapse in acute
myeloid leukemia. Blood. 2017;130(15):1713-
1721.

Rezvani K, Yong AS, Mielke S, et al. Leukemia-
associated T-cell

antigen-specific responses

following combined PR1 and WT1 peptide
vaccination in patients with myeloid malignancies.
Blood. 2008;111(1):236-242.

Yasukawa M, Fujiwara H, Ochi T, et al. Clinical
efficacy of WT1 peptide vaccination in patients with
acute myelogenous leukemia and myelodysplastic
syndrome. Am J Hematol. 2009;84(5):314-315.
Van Tendeloo VF, Van de Velde A, Van Driessche
A, et al. Induction of complete and molecular
remissions in acute

myeloid leukemia by

Wilms” tumor 1 antigen-targeted dendritic

cell vaccination. Proc Natl Acad Sci U S A.
2010;107(31):13824-13829.

Maslak PG, Dao T, Bernal Y, et al. Phase 2 trial of a
multivalent WT1 peptide vaccine (galinpepimut-S)
in acute myeloid leukemia. Blood Adv.
2018;2(3):224-234.

Greiner J, Schmitt A, Giannopoulos K, et al. High-
dose RHAMM-R3 peptide vaccination for patients
with acute myeloid leukemia, myelodysplastic
syndrome and multiple myeloma. Haematologica.
2010;95(7):1191-1197.

BrayerJ, Lancet JE, Powers J, et al. WT1 vaccination
in AML and MDS: A pilot trial with synthetic analog
peptides. Am J Hematol. 2015;90(7):602-607.
Bezu L, Kepp O, Cerrato G, et al. Trial watch:
Peptide-based vaccines in anticancer therapy.
Oncoimmunology. 2018;7(12):e1511506.

Goodyear O, Piper K, Khan N, et al. CD8+ T cells

CHAPTER 1

67.

68.

69.

70.

71.

72.

73.

specific for cancer germline gene antigens are
found in many patients with multiple myeloma,
and their frequency correlates with disease
burden. Blood. 2005;106(13):4217-4224.
Molldrem JJ, Lee PP, Wang C, et al. Evidence that
specific T lymphocytes may participate in the
elimination of chronic myelogenous leukemia. Nat
Med. 2000;6(9):1018-1023.

Rezvani K, Yong AS, Savani BN, et al. Graft-versus-
leukemia effects associated with detectable Wilms
tumor-1 specific T lymphocytes after allogeneic
stem-cell transplantation for acute lymphoblastic
leukemia. Blood. 2007;110(6):1924-1932.

Rezvani K, Grube M, Brenchley JM, et al. Functional
leukemia-associated antigen-specific memory
CD8+ T cells exist in healthy individuals and in
patients with chronic myelogenous leukemia
before and after stem cell transplantation. Blood.
2003;102(8):2892-2900.

Atanackovic D, Arfsten J, Cao Y, et al. Cancer-testis
antigens are commonly expressed in multiple
myeloma and induce systemic immunity following
allogeneic stem cell transplantation. Blood.
2007;109(3):1103-1112.

Kapp M, Stevanovic S, Fick K, et al. CD8+ T-cell
responses to tumor-associated antigens correlate
with superior relapse-free survival after allo-SCT.
Bone Marrow Transplant. 2009;43(5):399-410.
Rucker-Braun E, Link CS, Schmiedgen M, et al.
Longitudinal analyses of leukemia-associated
antigen-specific CD8+ T cells in patients after
allogeneic stem cell transplantation. Experimental
hematology. 2016;44(11):1024-1033 e1021.
Glucksberg H, Storb R, Fefer A, et al. Clinical
manifestations of graft-versus-host disease in
human recipients of marrow from HL-A-matched

sibling donors. Transplantation. 1974;18(4):295-
304.



74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

FerraraJL, Levine JE, Reddy P, Holler E. Graft-versus-
host disease. Lancet. 2009;373(9674):1550-1561.
Shlomchik WD. Graft-versus-host disease. Nat Rev
Immunol. 2007;7(5):340-352.

Reddy P. Pathophysiology of acute graft-versus-
host disease. Hematol Oncol. 2003;21(4):149-161.
Shulman HM, Sale GE, Lerner KG, et al. Chronic
cutaneous graft-versus-host disease in man. Am J
Pathol. 1978;91(3):545-570.

Shulman HM, Sullivan KM, Weiden PL, et al.
Chronic graft-versus-host syndrome in man. A
long-term clinicopathologic study of 20 Seattle
patients. Am J Med. 1980;69(2):204-217.
Heemskerk MB, van Walraven SM, Cornelissen
JJ, et al. How to improve the search for an
unrelated haematopoietic stem cell donor. Faster
is better than more! Bone Marrow Transplant.
2005;35(7):645-652.

Tiercy JM. Unrelated hematopoietic stem cell
donor matching probability and search algorithm.
Bone Marrow Res. 2012;2012:695018.

Tiercy JM. How to select the best available related
or unrelated donor of hematopoietic stem cells?
Haematologica. 2016;101(6):680-687.

Bleakley M, Otterud BE,

Richardt JL, et al.

Leukemia-associated minor histocompatibility
antigen discovery using T-cell clones isolated by
in vitro stimulation of naive CD8+ T cells. Blood.
2010;115(23):4923-4933.

Hale G. Alemtuzumab in stem cell transplantation.
Med Oncol. 2002;19 Suppl:S33-47.

Rao SP, Sancho J, Campos-Rivera J, et al. Human
peripheral blood mononuclear cells exhibit
heterogeneous CD52 expression levels and show
differential sensitivity to alemtuzumab mediated
cytolysis. PLoS One. 2012;7(6):e39416.

Mohty M. Mechanisms of action of antithymocyte

globulin: T-cell depletion and beyond. Leukemia.

86.

87.

88.

89.

90.

91.

92.

93.

2007;21(7):1387-1394.

Hale G, Cobbold S, Novitzky N, et al. CAMPATH-1
antibodies in stem-cell transplantation.
Cytotherapy. 2001;3(3):145-164.

Bleakley M, Heimfeld S, Loeb KR, et al. Outcomes
of acute leukemia patients transplanted with
naive T cell-depleted stem cell grafts. J Clin Invest.
2015;125(7):2677-2689.

Lang P, Schumm M, Taylor G, et al. Clinical
scale isolation of highly purified peripheral
CD34+progenitors for autologous and allogeneic
transplantation in children. Bone Marrow
Transplant. 1999;24(6):583-589.

Schumm M, Lang P, Taylor G, et al. Isolation
of highly purified autologous and allogeneic
peripheral CD34+ cells using the CliniMACS
device. J Hematother. 1999;8(2):209-218.

Li Pira G, Malaspina D, Girolami E, et al. Selective
Depletion of alphabeta T Cells and B Cells
for Human Leukocyte Antigen-Haploidentical
Hematopoietic Stem Cell Transplantation. A Three-
Year Follow-Up of Procedure Efficiency. Biology
of blood and marrow transplantation : journal
of the American Society for Blood and Marrow
Transplantation. 2016;22(11):2056-2064.

Saad A, Lamb LS. Ex vivo T-cell depletion in
allogeneic hematopoietic stem cell transplant:
past, present and future. Bone Marrow Transplant.
2017;52(9):1241-1248.

Chakrabarti S, Brown J, Guttridge M, Pamphilon
DH, Lankester A, Marks DI. Early lymphocyte
recovery is an important determinant of outcome
following allogeneic transplantation with CD34+
selected graft and limited T-cell addback. Bone
Marrow Transplant. 2003;32(1):23-30.

Teschner D, Distler E, Wehler D, et al. Depletion of

naive T cells using clinical grade magnetic CD45RA

beads: a new approach for GVHD prophylaxis.

GENERAL INTRODUCTION AND AIM OF THE THESIS | 29



94.

95.

96.

97.

98.

99.

100.

30

Bone Marrow Transplant. 2014;49(1):138-144.
Novitzky N, Thomas V, Hale G, Waldmann H.
Campath-1 Abs ‘in the bag’ for hematological
malignancies: the Cape Town experience.
Cytotherapy. 2004;6(2):172-181.

Barge RM, Osanto S, Marijt WA, et al. Minimal
GVHD following in-vitro T cell-depleted allogeneic
stem cell transplantation with reduced-intensity
conditioning allowing subsequent infusions of
donor lymphocytes in patients with hematological
malignancies and solid tumors. Experimental
hematology. 2003;31(10):865-872.

Barge RM, Starrenburg CW, Falkenburg JH, Fibbe
WE, Marijt EW, Willemze R. Long-term follow-up of
myeloablative allogeneic stem cell transplantation
using Campath “in the bag” as T-cell depletion:
the Leiden experience. Bone Marrow Transplant.
2006;37(12):1129-1134.

Chakrabarti S, MacDonald D, Hale G, et al. T-cell
depletion with Campath-1H “in the bag” for
blood

matched related allogeneic peripheral

stem cell transplantation is associated with
reduced graft-versus-host disease, rapid immune
constitution and improved survival. British journal
of haematology. 2003;121(1):109-118.

Morris EC, Rebello P, Thomson KJ, et al.
Pharmacokinetics of alemtuzumab used for in
vivo and in vitro T-cell depletion in allogeneic
transplantations: relevance for early adoptive
immunotherapy and infectious complications.
Blood. 2003;102(1):404-406.

Chakrabarti S, Mackinnon S, Chopra R, et al.
High incidence of cytomegalovirus infection after
nonmyeloablative stem cell transplantation:
potential role of Campath-1H in delaying immune
reconstitution. Blood. 2002;99(12):4357-4363.

La Rosa AM, Champlin RE, Mirza N, et al.
infections in adult

Adenovirus recipients of

CHAPTER 1

102.

103.

104.

105.

106.

107.

108.

blood and marrow transplants. Clin Infect Dis.

2001;32(6):871-876.

. Liu YC, Lu PL, Hsiao HH, et al. Cytomegalovirus

infection and  disease  after  allogeneic

hematopoietic ~ stem  cell  transplantation:
experience in a center with a high seroprevalence
of both CMV and hepatitis B virus. Ann Hematol.
2012;91(4):587-595.

Liu J, Kong J, Chang YJ, et al. Patients with
refractory  cytomegalovirus  (CMV) infection
following allogeneic haematopoietic stem cell
transplantation are at high risk for CMV disease
and non-relapse mortality. Clin Microbiol Infect.
2015;21(12):1121 e1129-1115.

Ljungman P, Perez-Bercoff L, Jonsson J, et al. Risk
factors for the development of cytomegalovirus
disease after allogeneic stem cell transplantation.
Haematologica. 2006;91(1):78-83.

Rouce RH, Louis CU, Heslop HE. Epstein-Barr virus
lymphoproliferative disease after hematopoietic
stem cell transplant. Curr Opin Hematol.
2014;21(6):476-481.

Peggs KS. Reconstitution of adaptive and innate
immunity following allogeneic hematopoietic
stem cell transplantation in humans. Cytotherapy.
2006;8(5):427-436.

Ogonek J, Kralj Juric M, Ghimire S, et al. Immune
Reconstitution after Allogeneic Hematopoietic
Stem  Cell  Transplantation.  Frontiers in
immunology. 2016;7:507.

Seggewiss R, Einsele H. Immune reconstitution
after allogeneic transplantation and expanding
options for immunomodulation: an update. Blood.
2010;115(19):3861-3868.

van der Heiden P, Marijt E, Falkenburg F, Jedema
|. Control of Cytomegalovirus Viremia after
Allogeneic Stem Cell Transplantation: A Review

on CMV-Specific T Cell Reconstitution. Biology



109.

110.

112.

113.

114.

115.

116.

117.

of blood and marrow transplantation : journal
of the American Society for Blood and Marrow
Transplantation. 2018.

Boeckh M, Nichols WG. The impact of
cytomegalovirus serostatus of donor and recipient
before hematopoietic stem cell transplantation in
the era of antiviral prophylaxis and preemptive
therapy. Blood. 2004;103(6):2003-2008.

Cannon MJ, Schmid DS, Hyde TB. Review of
cytomegalovirus seroprevalence and demographic
characteristics associated with infection. Rev Med

Virol. 2010;20(4):202-213.

. Korndewal MJ, Mollema L, Tcherniaeva |, et al.

Cytomegalovirus infection in the Netherlands:
seroprevalence, risk factors, and implications. J
Clin Virol. 2015;63:53-58.

Ljungman P, Hakki M, Boeckh M. Cytomegalovirus
in hematopoietic stem cell transplant recipients.
Hematol Oncol Clin North Am. 2011;25(1):151-
169.
Green ML, Leisenring W, Xie H, et al
Cytomegalovirus viral load and mortality after
haemopoietic stem cell transplantation in the era
of pre-emptive therapy: a retrospective cohort
study. Lancet Haematol. 2016;3(3):e119-127.
Boeckh M, Leisenring W, Riddell SR, et al.
Late cytomegalovirus disease and mortality in
recipients of allogeneic hematopoietic stem cell
transplants: importance of viral load and T-cell
immunity. Blood. 2003;101(2):407-414.

Baldanti F, Lurain N, Gerna G. Clinical and biologic
aspects of human cytomegalovirus resistance to
antiviral drugs. Hum Immunol. 2004;65(5):403-
409.

Dunmire SK, Hogquist KA, Balfour HH. Infectious
Mononucleosis. Curr Top Microbiol Immunol.

2015;390(Pt 1):211-240.

Rasche L, Kapp M, Einsele H, Mielke S. EBV-induced

118.

119.

120.

121.

122.

123.

124.

post transplant lymphoproliferative disorders: a
persisting challenge in allogeneic hematopoetic
SCT. Bone Marrow Transplant. 2014;49(2):163-
167.

Savani BN.

Reddy N, Rezvani K, Barrett AJ,

Strategies to prevent EBV reactivation and

posttransplant  lymphoproliferative  disorders
(PTLD) after allogeneic stem cell transplantation
in high-risk patients. Biology of blood and
marrow transplantation : journal of the American
Society for Blood and Marrow Transplantation.
2011;17(5):591-597.

Landgren O, Gilbert ES, Rizzo JD, et al. Risk factors
for lymphoproliferative disorders after allogeneic
hematopoietic  cell  transplantation.  Blood.
2009;113(20):4992-5001.

Chakrabarti 'S, Mautner V, Osman H, et al.

Adenovirus infections  following allogeneic

stem cell transplantation: incidence and

outcome in relation to graft manipulation,

immunosuppression, and immune recovery.
Blood. 2002;100(5):1619-1627.

Heemskerk B, Lankester AC, van Vreeswijk T,
et al. Immune reconstitution and clearance of
human adenovirus viremia in pediatric stem-cell
recipients. J Infect Dis. 2005;191(4):520-530.
Feuchtinger T, Lucke J, Hamprecht K, et al.
Detection of adenovirus-specific T cells in children
with adenovirus infection after allogeneic stem cell
transplantation. British journal of haematology.
2005;128(4):503-509.

Lindemans CA, Leen AM, Boelens JJ. How | treat
adenovirus in hematopoietic stem cell transplant
recipients. Blood. 2010;116(25):5476-5485.
Greiner J, Gotz M, Bunjes D, Hofmann S, Wais V.
Immunological and Clinical Impact of Manipulated

and Unmanipulated DLI after Allogeneic Stem

Cell Transplantation of AML Patients. J Clin Med.

GENERAL INTRODUCTION AND AIM OF THE THESIS | 31



125.

126.

127.

128.

129.

130.

32

2019;9(1).

Peggs KS, Thomson K, Hart DP, et al. Dose-escalated
donor lymphocyte infusions following reduced
intensity transplantation: toxicity, chimerism,
and disease responses. Blood. 2004;103(4):1548-
1556.

QO’Reilly RJ, Koehne G, Hasan AN, Doubrovina
E, Prockop S. T-cell depleted allogeneic
hematopoietic cell transplants as a platform for
adoptive therapy with leukemia selective or virus-
specific T-cells. Bone Marrow Transplant. 2015;50
Suppl 2:543-50.

Eefting M, Halkes CJ, de Wreede LC, et al.
Myeloablative T cell-depleted alloSCT  with
early sequential prophylactic donor lymphocyte
infusion is an efficient and safe post-remission
treatment for adult ALL. Bone Marrow Transplant.
2014,;49(2):287-291.

Eefting M, de Wreede LC, Halkes CJ, et al. Multi-
state analysis illustrates treatment success after
stem cell transplantation for acute myeloid
leukemia followed by donor lymphocyte infusion.
Haematologica. 2016;101(4):506-514.
Papadopoulos EB, Ladanyi M, Emanuel D, et al.
Infusions of donor leukocytes to treat Epstein-Barr
virus-associated lymphoproliferative disorders
after allogeneic bone marrow transplantation. N
EnglJ Med. 1994;330(17):1185-1191.

Hromas R, Cornetta K, Srour E, Blanke C, Broun
ER. Donor leukocyte infusion as therapy of life-
threatening adenoviral infections after T-cell-
depleted bone marrow transplantation. Blood.

1994;84(5):1689-1690.

. Witt V, Fritsch G, Peters C, Matthes-Martin S,

Ladenstein R, Gadner H. Resolution of early
cytomegalovirus (CMV) infection after leukocyte
transfusion therapy from a CMV seropositive

donor. Bone Marrow Transplant. 1998;22(3):289-

CHAPTER 1

132.

133.

134.

135.

136.

137.

138.

139.

292.

Raiola AM, Van Lint MT, Valbonesi M, et al.
Factors predicting response and graft-versus-
host disease after donor lymphocyte infusions: a
study on 593 infusions. Bone Marrow Transplant.
2003;31(8):687-693.

ChalandonY, Passweg JR, Schmid C, et al. Outcome
of patients developing GVHD after DLI given
to treat CML relapse: a study by the Chronic
Leukemia Working Party of the EBMT. Bone
Marrow Transplant. 2010;45(3):558-564.
Kaeuferle T, Krauss R, Blaeschke F, Willier S,
Feuchtinger T. Strategies of adoptive T -cell
transfer to treat refractory viral infections post
allogeneic stem cell transplantation. J Hematol
Oncol. 2019;12(1):13.

Berger C, Turtle CJ, Jensen MC, Riddell SR. Adoptive
transfer of virus-specific and tumor-specific T cell
immunity. Curr Opin Immunol. 2009;21(2):224-
232.

Riddell SR, Watanabe KS, Goodrich JM, Li CR, Agha
ME, Greenberg PD. Restoration of viral immunity in
immunodeficient humans by the adoptive transfer
of T cell clones. Science. 1992;257(5067):238-241.
Einsele H, Roosnek E, Rufer N, et al. Infusion of
cytomegalovirus (CMV)-specific T cells for the
treatment of CMV infection not responding to
antiviral chemotherapy. Blood. 2002;99(11):3916-
3922.

Peggs K, Verfuerth S, Mackinnon S. Induction of
cytomegalovirus (CMV)-specific T-cell responses
using dendritic cells pulsed with CMV antigen:
a novel culture system free of live CMV virions.
Blood. 2001;97(4):994-1000.

Rooney CM, Smith CA, Ng CY, et al. Use of gene-
modified virus-specific T lymphocytes to control
Epstein-Barr-virus-related lymphoproliferation.

Lancet. 1995;345(8941):9-13.



140.

141.

142.

143.

144.

145.

146.

147.

Gattinoni L, Klebanoff CA, Palmer DC, et al.
Acquisition of full effector function in vitro
paradoxically impairs the in vivo antitumor efficacy
of adoptively transferred CD8+ T cells. J Clin Invest.
2005;115(6):1616-1626.

Micklethwaite KP, Clancy L, Sandher U, et al.
Prophylactic  infusion  of  cytomegalovirus-
specific cytotoxic T lymphocytes stimulated with
Ad5f35pp65 gene-modified dendritic cells after
allogeneic hemopoietic stem cell transplantation.
Blood. 2008;112(10):3974-3981.

Fujita Y, Leen AM, Sun J, et al. Exploiting cytokine
secretion to rapidly produce multivirus-specific
T cells for adoptive immunotherapy. Journal of
immunotherapy. 2008;31(7):665-674.

Rauser G, Einsele H, Sinzger C, et al. Rapid
generation of combined CMV-specific CD4+
and CD8+ T-cell lines for adoptive transfer into
recipients of allogeneic stem cell transplants.
Blood. 2004;103(9):3565-3572.

Zandvliet ML, van Liempt E, Jedema |, et al.
Simultaneous isolation of CD8(+) and CD4(+) T
cells specific for multiple viruses for broad antiviral
immune reconstitution after allogeneic stem
cell transplantation. Journal of immunotherapy.
2011;34(3):307-319.

Meij P, Jedema |, Zandvliet ML, et al. Effective
treatment of refractory CMV reactivation after
allogeneic stem cell transplantation with in vitro-
generated CMV pp65-specific CD8+ T-cell lines.
Journal of immunotherapy. 2012;35(8):621-628.
Feuchtinger T, Opherk K, Bethge WA, et al.
Adoptive transfer of pp65-specific T cells for the
treatment of chemorefractory cytomegalovirus
disease or reactivation after haploidentical and
matched unrelated stem cell transplantation.

Blood. 2010;116(20):4360-4367.

Icheva V, Kayser S, Wolff D, et al. Adoptive transfer

148.

149.

150.

152.

153.

of epstein-barr virus (EBV) nuclear antigen
1-specific t cells as treatment for EBV reactivation
and lymphoproliferative disorders after allogeneic
stem-cell transplantation. Journal of clinical
oncology : official journal of the American Society
of Clinical Oncology. 2013;31(1):39-48.
Feuchtinger T, Matthes-Martin S, Richard C,
et al. Safe adoptive transfer of virus-specific
T-cell immunity for the treatment of systemic
adenovirus infection after allogeneic stem cell
transplantation. British journal of haematology.
2006;134(1):64-76.

Feuchtinger T, Richard C, Joachim S, et al.
Clinical grade generation of hexon-specific T
cells for adoptive T-cell transfer as a treatment
of adenovirus infection after allogeneic stem
cell transplantation. Journal of immunotherapy.
2008;31(2):199-206.

Wolfl M, Kuball J, Ho WY, et al. Activation-induced
expression of CD137 permits detection, isolation,
and expansion of the full repertoire of CD8+ T
cells responding to antigen without requiring
knowledge of Blood.

epitope  specificities.

2007;110(1):201-210.

. Knabel M, Franz TJ, Schiemann M, et al. Reversible

MHC multimer staining for functional isolation of
T-cell populations and effective adoptive transfer.
Nat Med. 2002;8(6):631-637.

Neudorfer J, Schmidt B, Huster KM, et al. Reversible
HLA multimers (Streptamers) for the isolation
of human cytotoxic T lymphocytes functionally
active against tumor- and virus-derived antigens.
JImmunol Methods. 2007;320(1-2):119-131.

van Loenen MM, de Boer R, van Liempt E, et al.
A Good Manufacturing Practice procedure to
engineer donor virus-specific T cells into potent
effector cells.

anti-leukemic Haematologica.

2014;99(4):759-768.

GENERAL INTRODUCTION AND AIM OF THE THESIS | 33



154.

155.

156.

158.

159.

160.

161.

34

Odendahl M, Grigoleit GU, Bonig H, et al. Clinical-

scale isolation of ‘minimally manipulated’

cytomegalovirus-specific ~ donor  lymphocytes
for the treatment of refractory cytomegalovirus
disease. Cytotherapy. 2014;16(9):1245-1256.

Schmitt A, Tonn T, Busch DH, et al. Adoptive
selective  reconstitution  of

transfer  and

streptamer-selected cytomegalovirus-specific
CD8+ T cells leads to virus clearance in patients
after allogeneic peripheral blood stem cell
transplantation. Transfusion. 2011;51(3):591-599.
Freimuller C, Stemberger J, Artwohl M, et al.
Selection of adenovirus-specific and Epstein-Barr
virus-specific T cells with major histocompatibility
class | streptamers under Good Manufacturing
Practice (GMP)-compliant conditions. Cytotherapy.

2015;17(7):989-1007.

. Neuenhahn M, Albrecht J, Odendahl M, et al.

Transfer of minimally manipulated CMV-specific T
cells from stem cell or third-party donors to treat
CMV infection after allo-HSCT. Leukemia. 2017.
Cobbold M, Khan N, Pourgheysari B, et al. Adoptive
transfer of cytomegalovirus-specific CTL to stem
cell transplant patients after selection by HLA-
peptide tetramers. J Exp Med. 2005;202(3):379-
386.

Stemberger C, Graef P, Odendahl M, et al.
Lowest numbers of primary CD8(+) T cells can
reconstitute protective immunity upon adoptive
immunotherapy. Blood. 2014;124(4):628-637.
Leen AM, Christin A, Myers GD, et al. Cytotoxic T
lymphocyte therapy with donor T cells prevents
and treats adenovirus and Epstein-Barr virus
after and matched

infections haploidentical

unrelated stem cell transplantation. Blood.
2009;114(19):4283-4292.
Leen AM, Myers GD, Sili U, et al. Monoculture-

derived T lymphocytes specific for multiple viruses

CHAPTER 1

162.

163.

164.

165.

166.

167.

168.

expand and produce clinically relevant effects
in immunocompromised individuals. Nat Med.
2006;12(10):1160-1166.

Falkenburg JH, Faber LM, van den Elshout M, et
al. Generation of donor-derived antileukemic
cytotoxic T-lymphocyte responses for treatment of
relapsed leukemia after allogeneic HLA-identical
bone marrow transplantation. J Immunother
Emphasis Tumor Immunol. 1993;14(4):305-309.
Marijt E, Wafelman A, van der Hoorn M, et
al. Phase I/Il feasibility study evaluating the
generation of leukemia-reactive cytotoxic T
lymphocyte lines for treatment of patients with
relapsed leukemia after allogeneic stem cell
transplantation. Haematologica. 2007;92(1):72-
80.

Warren EH, Fujii N, Akatsuka Y, et al. Therapy of
relapsed leukemia after allogeneic hematopoietic
cell transplantation with T cells specific for
minor  histocompatibility ~ antigens.  Blood.
2010;115(19):3869-3878.

Meij P, Jedema |, van der Hoorn MA, et al.
Generation and administration of HA-1-specific
T-cell lines for the treatment of patients with
relapsed leukemia after allogeneic stem cell
transplantation: a pilot study. Haematologica.
2012;97(8):1205-1208.

Heemskerk MH. T-cell receptor gene transfer for
the treatment of leukemia and other tumors.
Haematologica. 2010;95(1):15-19.

Heemskerk MH, Hoogeboom M, de Paus RA,
et al. Redirection of antileukemic reactivity of
peripheral T lymphocytes using gene transfer of
minor histocompatibility antigen HA-2-specific
T-cell receptor complexes expressing a conserved
alpha joining region. Blood. 2003;102(10):3530-
3540.

QOostvogels R, Kneppers E, Minnema MC, et al.



169.

170.

172.

173.

174.

175.

Efficacy of host-dendritic cell vaccinations with or
without minor histocompatibility antigen loading,
combined with donor lymphocyte infusion
in multiple myeloma patients. Bone Marrow
Transplant. 2017;52(2):228-237.

Franssen LE, Roeven MWH, Hobo W, et al. A
phase I/l minor histocompatibility antigen-
loaded dendritic cell vaccination trial to safely
improve the efficacy of donor Iymphocyte
infusions in myeloma. Bone Marrow Transplant.
2017;52(10):1378-1383.

Bornhauser M, Thiede C, Platzbecker U, et al.
Prophylactic transfer of BCR-ABL-, PR1-, and
WT1-reactive donor T cells after T cell-depleted
allogeneic hematopoietic cell transplantation in
patients with chronic myeloid leukemia. Blood.

2011;117(26):7174-7184.

. Cheever MA, Allison JP, Ferris AS, et al. The

prioritization of cancer antigens: a national
cancer institute pilot project for the acceleration
of translational research. Clin Cancer Res.
2009;15(17):5323-5337.

Chapuis AG, Ragnarsson GB, Nguyen HN, et al.
Transferred WT1-reactive CD8+ T cells can mediate
antileukemic activity and persist in post-transplant
patients. Sci Trans! Med. 2013;5(174):174ral27.
Wang X, Schmitt A, Chen B, et al. Streptamer-
based selection of WT1-specific CD8+ T cells for
specific donor lymphocyte infusions. Experimental
hematology. 2010;38(11):1066-1073.

Rambaldi A, Biagi E, Bonini C, Biondi A, Introna
M. Cell-based strategies to manage leukemia
relapse: efficacy and feasibility of immunotherapy
approaches. Leukemia. 2015;29(1):1-10.

Greiner J, Ringhoffer M, Taniguchi M, et al. mRNA
expression of leukemia-associated antigens in
patients with acute myeloid leukemia for the

development of specific immunotherapies. Int J

176.

Cancer. 2004;108(5):704-711.

Wadelin F, Fulton J, McEwan PA, Spriggs KA,
Emsley J, Heery DM. Leucine-rich repeat protein
PRAME: expression, potential functions and
clinical implications for leukaemia. Mol Cancer.

2010;9:226.

GENERAL INTRODUCTION AND AIM OF THE THESIS | 35



