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voor Jasmin en Flore

you can fight without ever winning

but never really win without a fight

from Resist of the album Test for Echo by Rush (1996)
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Chapter 1. Introduction

1.1. Cancer from a historical perspective

Already in the Egyptian era, there are written reports on malignancy, but it was Hippocrates who
first introduced the term ‘cancer’. The growth pattern of a tumor reminded him of a moving crab,
which led to the terms ‘carcinos’ (a tumor). According to Hippocrates, tumors were caused by an
imbalance between the four body fluids: blood, phlegm, yellow bile and black bile. Already in
antiquity, cancer treatment was associated with the stage of the disease and like nowadays,
largely depended on a staging system, a concept put forward by Cornealius Celsus (1,2). Going
one step back, Claudius Galen put forward the fluidics theory again as originally suggested by
Hippocrates. His rigid theories and dominant reasoning reigned medicine in the medieval
European world for longer than a millennium, during which no real progress in cancer treatment
was made. Medicine entered a new era in the 16" century’s Renaissance with the emergence of
the innovative scientific spirit that was roaming the world. Since autopsies were no longer
forbidden, the knowledge of the human anatomy increased rapidly and led to the discovery of the
lymphatic system by Gaspard Aselli (3,4). The knowledge of cancer was further broadened by
clinical observations of different types of malignancy and case reports. Only rationalism and
empiricism, the true foundations of the Enlightenment, allowed a new revival of science, including
medicine. Pioneer experimental research was carried out by Bernard Peyrilhe who withdrew fluid
from a breast cancer lesion and injected it into a dog’s peritoneal cavity. Further advances were
made by skilled surgeons as John Hunter and his student, Astley Paston Cooper. They were the
first ones to incorporate the idea of predisposition to cancer on the basis of genetics, age and
environmental factors. The discovery of radiation by Pierre and Marie Curie at the end of the 19"
century resulted in the first non-surgical cancer treatment. From then on, oncology became a
multidisciplinary discipline and experimental cancer research since has led us to a better
understanding of this disease (5). At present, cancer is still a leading cause of death worldwide,
accounting for 13 percent of all deaths (7.9 million deaths in 2007) (6,7). To illustrate the vast
amount of research effort dedicated to cancer, the PubMed Entrez query ‘cancer’ yielded over

two million entries at the time this work was written.



1.2. Glioma

1.2.1. C(lassification, epidemiology and molecular pathology

The term ‘glioma’ refers to all tumors of glial cell origin, including astrocytic tumors,
oligodendrogliomas, ependymomas and mixed gliomas. Gliomas account for approximately 75
percent of primary malignant brain tumors. Within the astrocytic tumors, glioblastoma
multiforme (GBM) is not only the most frequent brain tumor in adults but represents also the
most malignant one and is assigned grade IV by the World Health Organisation. Together with
grade Il anaplastic astrocytoma, GBM are categorized as high-grade glioma (HGG). This grading is
associated with cytologically malignant, mitotically active, necrosis-prone neoplasms with pre-
and postoperative disease evolution and fatal outcome (8,9). Despite state-of-the-art oncological
treatment, prognosis remains dismal for GBM patients with a median survival of only 14 months.
Relapse is universal and at the time of relapse, prognosis is even worse and virtually all patients
are dead within 18 months (10-12). The five-year survival rate is less than three percent. The
incidence of GBM is approximately three to four patients per 100,000 per year, which makes it an
orphan disease (13). Like for most types of cancer, the incidence of central nervous system (CNS)
tumors increases with age with a peak incidence for high-grade GBM between 60 and 65 years
(14).

When it comes to risk factors for GBM, both environmental and genetic factors must be taken
into account. The only firmly established exogenous environmental cause of GBM is exposure to
high-dose radiation (15,16). Reports on a causative relationship between exposure to
electromagnetic fields and brain tumor incidence are lacking, although recent meta-analysis
draws particular attention to mobile phone use (17). The plausibility of neurocarcinogenicity by a
myriad of endogenous and exogenous chemical compounds has been described but remains
inconsistent. However, it would be too premature to conclude that those environmental risks do
not contribute to gliomagenesis (18). Inherited syndromes such as neurofibromatosis and Li-
Fraumeni syndrome have been associated with an increased risk for GBM and other types of
primary brain tumors (19,20). Mechanisms important for DNA repair and thus for maintenance of
genomic integrity represent another category of processes that are investigated in the context of
malignancy (21-24).

During the last years, research has been focused on the molecular pathology of cancer, including

GBM. This is actually the prelude to a new era in both diagnostic and therapeutic medicine,



moving away from broad pathologic diagnoses and relatively non-specific therapies to predictive
individualized care (25,26). The chromosomal alterations that are most regularly observed in GBM
are linked with several tumor suppressor genes and oncogenes, although many genes in these
regions have yet to be examined. It is now accepted that two molecular pathways can lead to
GBM; one pathway results from tumor progression of low grade astrocytoma (secondary GBM),
whereas the second pathway does not involve a clinically evident precursor (primary or de novo
GBM). Extensive molecular data on gene mutations, polymorphisms, chromosomal alterations,
global patterns of methylation, acetylation, splicing and protein networks become available
nowadays. Incorporating these data into clinical treatment decisions remains a considerable

challenge but will undoubtedly be of high benefit for brain tumor patients (27).

1.2.2. State-of-the-art therapy for GBM

The current treatment pillars for patients diagnosed with GBM consist of maximal safe resection
of the tumor mass followed by (toxic) chemotherapy and/or radiotherapy. The superiority of the
combination of radiotherapy and temozolomide over radiotherapy alone was clearly
demonstrated in a phase Il trial by Stupp et al. (28). The striking two-year survival of 27 versus 10
percent of patients represents the most important breakthrough in GBM therapy for the last
decade (29). Together with age and Karnofsky Performance Score, the extent of resection was
found to be a significant prognostic factor. Hence, fluorescence-guided tumor resection with
aminolevulinic acid, resulting in a higher probability of complete resections, was of clear benefit

to GBM patients (30).

1.2.3. Innovative treatment strategies in the fight against GBM

During the last decades, new approaches have been investigated for their potential usefulness in
GBM treatment. We hereby distinguish three main categories, being immunotherapy, gene and
stem cell therapy and targeted therapy. GBM immunotherapy is discussed separately in

paragraph 1.3.



1.2.3.1. Gene and stem cell therapy

Since non-viral gene therapy with liposomes and plasmid DNA has been abandoned due to their
limited transfection efficacy, the focus has shifted to the use of powerful viral vectors to deliver
genes into or exert a cytotoxic effect upon GBM target cells. The transgenes delivered by non-
replicating adenoviral vectors and vectors derived from herpes simplex virus are either based on
direct tumor cell killing, inhibition of angiogenesis or stimulation of the antitumor immune
response. Although most cells in the CNS are either non- or slowly dividing cells compared with
tumor cells and are hence less prone to be infected by the viral vector, safety is a major concern
in viral gene therapy. A lot of effort has been put in increasing both the safety and tumor-
specificity of the replication-competent vectors (31,32).

In- and outside cancer therapy, stem cells and their potential applications have drawn a huge
amount of attention over the last years. Due to their inherent tumor-tropic properties, they can
be exploited to deliver anticancer genes to invasive and even metastatic tumors. Apart from pro-
drug activating enzymes, an array of interleukins, interferons, metalloproteinases and apoptosis-
promoting genes is under investigation in the context of experimental stem cell therapy. It is

expected that these concepts will soon be introduced in clinical trials for GBM patients (33).

1.2.3.2. Targeted therapy

The concept of ‘oncogene addiction’ is central to strategies for selecting patients who are most
likely to benefit from targeted molecular therapy. It is the persistence of these signals, promoting
tumor growth and invasion that makes them potentially vulnerable to targeted attack by small
molecular inhibitors. In comprehensive recent reviews, Omuro et al. and Mason summarized the
main oncogenetic signaling pathways for which single and multitargeted drugs are being
developed (29,34). Many of these drugs are under investigation for GBM. It is beyond the scope of
this work to provide a complete listing of inhibitors currently in trials. Therefore, we only highlight
gefitinib and erlotinib as inhibitors of epidermal growth factor receptor (EGFR) tyrosine kinase.
Although EGFR is overexpressed in 60 percent of GBM and gefitinib and erlotinib are well
tolerated, overall efficacy in unselected patients is minimal compared with historical controls. The
combination of bevacizumab, an anti-VEGF antibody and the cytotoxic agent irinotecan was
recently described to have significant antitumor activity against recurrent grade Ill-IV HGG, albeit

with significant toxicity (35). Unfortunately, the first molecular targeted therapy phase Il clinical



trials in malignant glioma have not translated into significant changes in current clinical practice,
and to date, no new molecule seems to be promising enough to justify a large phase lll trial.
Therefore, the focus now lies on multitarget compounds or combinations of single-target drugs

(36).

1.3. Immunotherapy for GBM

Lack of surveillance by the immune system has now been accepted as an important hallmark of
cancer (37). Basically, immunotherapy tries to restore or improve antitumor immunity. Although
artificial, in this paragraph, we uncouple the antitumor immune response from the reciprocal
effect of the tumor on the immune system. The latter will be discussed in paragraph 1.4. For an
outstanding comprehensive review on cancer immunology in general, we refer to the recent work

by Finn (38).

1.3.1. GBM immunotherapy at a glance

The relative absence of lymphatic vessels and the presence of the blood-brain barrier (BBB) make
the brain an immunologically ‘privileged’ site. However, the current perception is that immune
reactions do occur within the CNS, although qualitatively and quantitatively different from those
in other anatomical locations. This is demonstrated by the presence of tumor-infiltrating
lymphocytes (TIL) and by systemic antitumor immunity (39,40). Most likely, this immune
privileged state is due to the fact that the blood-brain barrier (BBB) may still be intact in early
tumor lesions, whereas tumor progression goes along with BBB disruption. Moreover, several
groups have shown the drainage of interstitial fluid from the brain into deep cervical lymph nodes
(LN), providing an access path for the systemic immune system to the tumor. Despite lack of
constitutive expression of major histocompatibility complex (MHC-) molecules on CNS cells,
immune responses can be primed in the brain by microglia and capillary pericytes that can act as
antigen presenting cells (APC) (41).

In the context of GBM, ‘immunotherapy’ encompasses different strategies, classified as passive
serologic treatment, adoptive cell transfer, cytokine therapy, and active cell-mediated
immunotherapy, the latter being discussed in chapter 1.3.2. Passive serologic immunotherapy

implies the administration of a monoclonal Ab (mAb) that recognizes a cell-surface epitope



exclusively expressed on GBM cells and conjugated to a toxic payload. Key limitations for this
approach are the difficulty of identifying a prominent cell surface protein that is ubiquitously
expressed on GBM cells (but not on normal brain cells) and the stability of its expression.
Tenascin, glycoprotein-240 (gp240) and EGFR, both wild-type (wt) and a mutated form designated
as EGFRVIII, have been clinically targeted in this manner (42,43). Adoptive immunotherapy is
based on the transfer of tumoricidal T cell populations into GBM-bearing hosts. Both allogeneic
and autologous lymphocytes have been used, ex vivo stimulated either in a specific or non-specific
manner. The latter category comprises lymphokine-activated killer cells that caused serious
adverse effects. Systemic or intratumoral delivery of TIL or other specifically activated effector
cells has been well tolerated in pilot studies and the results justify further study. Cytokine therapy
consists of the systemic or local administration of cytokines such as interleukin-2 (IL-2) and
interferon-gamma (IFN-y) to enhance immunity in a non-specific manner (44). Taken together, the
above mentioned immunotherapeutic strategies have not yielded a clear-cut benefit for patients,
despite some cases with radiologic response. Hence, more powerful treatment options are

required (39).

1.3.2. Dendritic cell-based cancer vaccines: general overview and current issues

1.3.2.1. Introduction

It is far beyond the scope of this work to provide a complete review of the many experimental and
clinical cancer settings in which dendritic cells (DC) have been applied. This kind of
immunotherapy is often referred to as ‘DC tumor vaccination’. It is imperative that the term
‘vaccination’ in this context should not be considered in a stringent sense, but instead points to
the administration of autologous immune cells to patients with the aim to induce or boost an
antitumor immune response. Over the past decades, DC have proven to be the ideal cellular tools
to break immunological tolerance against tumors by initiating a T cell mediated antitumor
immune response through induction of effector T cells and by allowing this response to persist
through memory T cells. DC do not only bridge innate and adaptive immunity but have also a
pivotal role in most aspects of adaptive immunity (45-48). Immature DC (DCi) which reside in
virtually every organ and tissue at the interface of potential pathogen entry sites, continuously
sample antigens. If danger signals (such as the presence of pathogens, tissue damage or signs of

inflammation) are detected, DCi undergo maturation and become genuine APC. By upregulation



of chemokine receptors such as CC chemokine receptor 7 (CCR7), mature DC (DCm) are guided to
the T cell areas of draining LN (dLN) of the tumor, where they initiate primary T cell responses. DC
are often termed professional APC because of their high expression of MHC-, adhesion and
costimulatory molecules and their specific cytokine secretion profile. Depending on their nature,
antigens are processed through the endogenous or exogenous pathway of antigen processing,
resulting in antigen presentation in an MHC class | or class Il context respectively. Since the MHC
class Il pathway is leaky, DC are able to ‘cross-present’ exogenous antigens on MHC class |
molecules (49). Thereby, they can prime CD8+ and CD4+ T cells, both necessary for the optimal
induction and persistence of a T cell-mediated antitumor immune response (50). Antigen-selected
T cells undergo extensive expansion but are also subject to silencing or tolerance by tolerogenic
DC that can eliminate (delete) or block (suppress) T cells. If deletion is avoided, the T cell clone is
allowed to differentiate and to display an array of potential killer, helper or even suppressive
activities. The complete picture of interactions between DC and the other types of immune cells
has become extremely complex. DC-based cancer vaccines mainly aim at the induction of effector
CD8+ T cells which function as cytotoxic T lymphocytes (CTL) (51,52). Efficient T cell priming
requires three consecutive signals from APC; (i) the link between MHC-presented antigenic
epitopes and the T cell receptor (TCR), (ii) the interaction between costimulatory signals CD80 and
CD86 on APC and CD28 on T cells and (iii) reciprocal signaling between CD40 on APC and CD40-L
on activated CD4+ T cells (53,54).

DC and their potency to initiate and modulate antitumor immune responses against HGG are
under investigation by many research groups, including ours (55,56). In brief, preliminary in vitro
research rapidly led to a clinical feasibility study. Currently, promising results are obtained from a
phase /Il cohort comparison trial, providing a rationale to proceed to a randomized controlled
clinical trial (57-62). Since the development of DC-based cancer immunotherapy is a multi-facet
process, one should proceed very carefully through each of these steps, keeping in mind that
substantial optimization is not only feasible but required. Below, the most important issues on DC

immunotherapy in general and on GBM-directed DC vaccination in particular are discussed.

1.3.2.2. Clinical condition before vaccination

It is evident that the selection of cancer patients that are eligible for DC immunotherapy is of
crucial importance, not only with regard to their general immune status (affecting the quality of

the cell population from which DC are derived), but also to disease stage that might have a severe
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impact on the outcome of DC vaccination (63). For immunotherapy against HGG, the extent of
resection, the age of the patient and the histological subtype of HGG are important variables that

should be taken into account in this context (Figure 1, box 1).

1.3.2.3. DC differentiation

Different lineages and subsets of DC have been identified and have mainly been categorized in
CD11c+ myeloid DC and CD11c- plasmacytoid DC (Figure 1, box 2). The myeloid pathway displays
a pronounced plasticity depending on the cytokines the monocyte precursor encounters and
generates Langerhans cells that are found in tissues with stratified epithelia such as the skin, and
interstitial DC that are found in all other tissues. Plasmacytoid DC (pDC) secrete large amounts of
type | interferons in response to viral infection. Most clinical studies to date have been carried out
with ex vivo-generated DC derived from peripheral blood mononuclear cells (PBMC), resembling
myeloid interstitial DC. Apart from these, clinical-grade DC can also be generated ex vivo from
CD34+ hematopoietic stem cells or they can be isolated directly from fresh human blood, in which
they only represent a marginal fraction (less than 0.5 percent) of the white blood cells (45,52).
None of these DC subtypes has proven to be superior in comparative clinical trials and subtype
preferences are mainly based on preclinical observations and early clinical experience. DC and
their progenitor cells display a remarkable degree of plasticity; different cytokines skew the in
vitro differentiation process of monocytes into DC with different phenotypes and functions and
hence distinct types of immune responses (48). Up to now, there are no standardized criteria on
requirements of DC phenotype and purity. Virtually all reported analyses on DC quality consist of
cytokine measurements upon different kinds of DC triggering and the capacity to stimulate

allogeneic T cells in a mixed lymphocyte reaction (MLR) (63).

1.3.2.4. loading of DC with tumor antigen(s) and maturation

A vast body of literature has been dedicated to one of the most critical issues in DC-based cancer
immunotherapy, namely the loading of DC with tumor antigens (Figure 1, box 3). Roughly, we can
distinguish whole tumor cell approaches and tumor-associated antigen (TAA) specific approaches.
Choosing between either whole tumor cell preparations or rather (sets of) defined tumor antigens
is mostly inherent to the type of tumor. For tumors with well characterized TAA profiles (such as

melanoma), there are many trials published and ongoing using defined TAA or even the dominant
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epitopes thereof. On the contrary, for cancer types with no universally expressed TAA that is
crucial for tumor cell survival (such as GBM), investigators often rely on the use of whole tumor
cell preparations. Working with defined TAA has the disadvantage of potentially selecting tumor
escape variants, whereas autoimmune problems might arise by targeting the whole cellular
antigen pool (55,64). TAA can be classified as either unique tumor antigens (resulting from point
mutations in genes that are ubiquitously expressed such as B-catenin) or shared tumor antigens.
Shared antigens, present on many independent tumors, can be further divided into three groups;
(i) cancer-germline genes that are frequently expressed in many tumors but not in normal tissues
(except for testis and placenta) such as the melanoma antigens (MAGE), (ii) differentiation
antigens which are present in tumor cells and their normal counterparts such as tyrosinase and
(iii) over-expressed antigens which are present at higher levels in tumor cells than in normal cells
such as Her-2/neu. Viral antigens, resulting from infection with oncogenic viruses, complete this
picture. Although their expression is not consistently found in all patients, relevant TAA for GBM
include EGFRvIII, gp100 and gp240, tenascin, survivin, the alpha-chain of the IL-13 receptor,
tyrosinase, tyrosinase related proteins 1 and 2, MAGE-1 and -3, and others (65,66). Most of the
above TAA are not strictly tumor-specific but are rather (abnormal) self-antigens. Hence, breaking
of immunological tolerance to these antigens is not only very difficult to establish but implies the
risk of inducing harmful autoimmunity.

For specific TAA-approaches, DC can be pulsed with synthetic peptides that can easily be
produced in good manufacturing practice (GMP) grade. Alternatively, genetic approaches with
either defined mRNA or viral vectors containing the TAA genes can be applied (53,64,67). Aiming
at an enhanced CD4+ T cell stimulation, cytoplasmic antigens have been redirected to the MHC
class Il presentation pathway by coupling endosomal or lysosomal targeting signals to the antigen
(68). Loading of DC with specific TAA is dependent on the knowledge of the patients’ MHC
haplotype and the identification of defined TAA epitopes. Loading purified whole TAA proteins
onto DC allows for the simultaneous processing of multiple epitopes, theoretically resulting in
both CD4+ and CD8+ T cell priming. Many research groups — including ours — have used the
complete protein content of the tumor cell. These methods encompass loading of DC with tumor
lysate, amplified mRNA or total tumor RNA, necrotic and apoptotic tumor cell remnants and so-
called fusions of DC and tumor cells (63). By using this strategy, major concerns have been raised
on the risk of inducing autoimmune phenomena, the lack of detailed immunomonitoring and the

large amounts of tumor material needed. Recently, small natural membrane vesicles, called



exosomes, released by a wide variety of cell types (including DC), are under investigation as
antigen delivery tools (69).

Concerning the amount of tumor antigen that has to be loaded on DC, several studies have shown
that more is not necessarily better. There seems to be a discrepancy between the amount of
antigen expressed by DC or processed in the MHC class | pathway and the stimulatory capacity of
DC in vivo (53).

Another topic of debate in DC immunotherapy is the maturation status of the cells and
maturation signals applied to force DCi to become DCm. Since antigen uptake and the machinery
governing antigen processing is severely halted in mature DC, it is desirable to load DC with
antigens when the cells are in an immature state. Several methods to mature both human and
mouse DC have been described and include the use of a classical pro-inflammatory cytokine
mixture of tumor necrosis factor alpha (TNF-a), IL-1B, IL-6 together with prostaglandin E2 (PGE,);
CpG motifs; bacterial lipopolysaccharides (LPS); viral double-stranded RNA; poly I:C and CD40-
ligand (CD40-L). Each of these products or combinations thereof mimics an in vivo inflammatory

environment and represent the danger signal required for DC to become fully activated (70).
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1.3.2.5.  Administration of antigen-loaded DC

Finally, the ex vivo generated, antigen-loaded and fully mature DC have to be administered to the
patient. Basic questions regarding timing and frequency of vaccination, the number of DC per
vaccine and the site and route of vaccination are still open (Figure 1, box 4). These prove to be
very critical since a patients’ immune system needs to (at least partially) recover from earlier toxic
anticancer chemotherapy before it can build an effective antitumor response. Although
empirically, it was initially believed that the more frequently a DC vaccine was given, the more
potent the induced immune response would be. However, reports are now emerging that even
myeloid DC can also expand regulatory T cells (Treg), which are able to decrease or even
completely shutdown immune responses, both in humans and mice (see 1.4.2.) (71). Clear-cut
data on the optimal number of DC that should be injected per vaccination are not available. Since
the immune system seems to function as an on-or-off system, the main criterion for DC
immunotherapy with regard to the number of vaccinated DC is an arbitrary minimal amount
(roughly five million cells in humans and one million in mice) rather than an amount defined upon
a classic dose-response relationship.

A major concern related to ex vivo generated DC is how to establish an effective in vivo migration
to the T cell areas towards the tumor-dLN. It has been well documented that only a small fraction
of intradermally injected DC are actually homing towards the secondary lymphoid organs (72).
Attempts to enhance migration of ex vivo generated DC by preconditioning with inflammatory
cytokines or a toll-like receptor (TLR) agonist (such as imiquimod, binding TLR-7) are currently
under investigation. Combining multiple routes of DC administration within one patient might be
highly beneficial to induce true systemic immunity able to attack tumor lesions at different
locations in the body (73). Targeting tumor antigens selectively to DC in situ might circumvent this
problem and relies on the intrinsic and optimal mechanisms governing DC migration from the

periphery towards the secondary lymphoid organs (47,74).

1.3.2.6. Immune monitoring

Once a cancer patient has been treated with DC-immunotherapy, it is of crucial importance to
evaluate the immunologic effects in the broadest manner possible. Monitoring the immune
response and linking these data to the clinical outcome represents one of the most difficult

obstacles in the field of cancer immunotherapy (Figure 1, box 5). Robust, reliable, reproducible
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and quantitative assays to evaluate vaccine-induced immune responses in each clinical DC trial are
mandatory. A detailed overview of all monitoring tools that were used in the many clinical studies
so far is beyond the scope of this work. Obviously, the way in which immune monitoring is
organized is directly related to the vaccine design itself. When specific TAA are targeted, detection
of the corresponding immune responses is much more straightforward compared with strategies
using the entire (and undefined) set of tumor antigens. When measuring immune responses in
the context of DC immunotherapy, one has to keep in mind that during the course of tumor
progression, spontaneous antitumor immune responses might develop. These spontaneous
responses are often prone to tumor-induced immune suppression but might interfere with the

assessment of vaccine efficacy (74,75).

1.3.3. Tackling GBM with RNA-loaded DC: rationale

The potency of tumor vaccination with RNA-loaded DC has been well documented both in vitro
and in vivo (76,77). The amount of tissue available for extraction of tumor antigens is often the
limiting factor for GBM immunotherapy. Since tumor-derived RNA can be amplified in vitro, a
virtually unlimited source of tumor antigens becomes available (77). Other advantages of loading
DC with RNA include the reported high transfection efficiency combined with low toxicity and
safety risks. Moreover, RNA-molecules are translated into proteins by the DC themselves and
those proteins are subsequently processed in the endogenous pathway of antigen processing,
resulting in optimal priming of CD8+ T cells. Researchers have dedicated a lot of effort to the
improvement of RNA transfection methods. Three techniques have been investigated: lipid-
mediated transfection, electroporation and passive transfection (78,79). By now, electroporation
has proven to be the method of choice for the introduction of exogenous RNA-molecules into DC.
It does not require additional reagents and is compatible with clinical use (80). Unfortunately, up
to now, a standardized DC electroporation protocol is lacking (81-83). It is clear that we are far
from optimized RNA-loaded DC vaccines. Already validated in several experimental studies,
improving the intrinsic characteristics of DC such as cytokine, chemokine and co-stimulator
expression through transfection with additional mRNA species seems very promising (74).
Combining this with downregulation of mechanisms within the DC that are inhibitory to immunity

might lead to an artificial but extremely powerful APC.
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1.3.4. Dendritic cell vaccination in GBM patients

Several groups worldwide have initiated clinical trials in which several hundreds of GBM patients
were included up to now (63). These publications deal with safety and feasibility and both
immunological and clinical outcomes have been documented. Although pronounced
immunological responses are often observed, there is rarely a strong correlation with the clinical
outcome as reported by Wheeler et al. (84). However, the conventional response criteria used in
oncology, originally developed to monitor effects of radio- and chemotherapy, might not be fully

appropriate to measure the beneficial effect of active immunotherapy (85).

1.4. The balance between antitumor immunity and GBM-induced immune suppression

Tumors mostly escape immunosurveillance, resulting in tumor progression and ultimately death
by disease. Many tumor-induced but also homeostatic mechanisms are in fact counteracting an
efficient antitumor immune response. In this paragraph, the most relevant obstacles for the
induction of immunity against GBM are highlighted (86). The immune privileged status of the CNS

has already been discussed in paragraph 1.2.1.

1.4.1. Intrinsic mechanisms of GBM tolerance

Although under normal physiological conditions, the immune system has a wide range of
mechanisms for immune surveillance, cancer is an extremely prevalent disease (37).
Immunological tolerance to cancer is, at least in part, mediated by the expression and
presentation of (abnormal) self-antigens by neoplastic cells. The endogenous mechanisms
designed to prevent autoimmunity also protect tumors from rejection. Central tolerance is
induced by macrophages, DC and epithelial cells of the thymus that all participate in the
processing and display of self-antigens to immature T cells within the thymus. Thymic negative
selection assures that T cells that otherwise would react towards self-proteins in the periphery
and thereby potentially cause autoimmunity, are clonally eliminated. However, negative selection
is leaky, so backup mechanisms in the periphery must come into play.

Outside the thymus, at least four different peripheral mechanisms determine whether a thymic

emigrant T cell becomes activated; (i) the level and persistence of antigen, (ii) the activation status
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of the involved APC, (iii) the ability of T cells to recognize an antigen and (iv) the influence of
suppressive regulatory cells (87). Transient antigen exposure activates T cells to eliminate antigen-
bearing cells and to differentiate into memory T cells capable of mediating a secondary immune
response upon antigen re-exposure. However, persistent exposure to low or high levels of antigen
results in tolerance by T cell deletion, a process in which T cells are removed by apoptosis or
activation-induced cell death. Moreover, due to lack of costimulatory signals, T cells can become
anergic, which renders them functionally inactive. Finally, self-reactive T cells may also be spatially

compartmentalized away from their antigen and physically unable to detect it (88).

1.4.2. Regulatory T cells

Defined as a T cell population that functionally suppresses an immune response by influencing the
activity of other T cells, Treg have emerged as very important cells involved in the prevention of
autoimmunity and in the controlled downregulation of undesired immune responses. However,
these cells are also potent suppressors of endogenous and induced antitumor immune responses.
Treg represent 5 to 10 percent of the peripheral CD4+ T cell pool in humans and mice. There are
two main subsets of Treg, which differ in terms of induction and effector mechanisms. One subset
develops during the normal process of T cell maturation in the thymus and is referred to as
‘naturally occurring’ (89). Sakaguchi et al. showed in 1995 that the expression of the IL-2 receptor
alpha chain (CD25) could serve as phenotypic marker for these CD4+ Treg, although CD25-
expression is not restricted to Treg (90). Other markers include glucocorticoid-induced TNF-
receptor related protein (GITR) and CTLA-4 (91,92). The identification of the unique Treg
transcription factor Forkhead box P3 (FoxP3) lead to a revival and rapid evolvement of the Treg
field. In vitro, these cells act on a cell-cell contact basis, whereas multiple modes of action have
been described in vivo. The second subset of ‘adaptive’ Treg develops as a consequence of
peripheral T cell activation under particular conditions of suboptimal antigen exposure and/or
costimulation. The latter subcategory includes CD4+IL-10+FoxP3- Treg (termed ‘Tr1’) mainly acting
through IL-10, and CD4+TGF-B+ Treg mainly acting through transforming-growth factor beta (TGF-
B) (termed ‘Th3’) (93,94). In mice, the role of Treg in tumor immunopathogenesis has largely been
defined using reagents that target Treg in vivo, albeit in a non-specific way. These approaches
include treatment with monoclonal antibodies (mAb) against CD25, GITR and CTLA-4 (95-99).
Different sources of Treg have been identified in the tumor microenvironment: (i) Treg from the

thymus, LN, bone marrow and peripheral blood can traffic to the tumor site. This trafficking is
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facilitated by the expression of CCR2 and CCR4 on Treg and abundant expression of CC chemokine
ligands (CCL), such as CCL2 and CCL22 in the tumor microenvironment (100). (ii) The tumor
microenvironment can suppress APC differentiation and function (through IL-10, TGF- and VEGF)
and these dysfunctional APC can subsequently promote Treg differentiation. (iii) DCi in the tumor
microenvironment and dLN can induce Treg expansion. (iv) Normal T cells can be converted into
Treg by TGF-B, often present at high concentration in the tumor milieu. The suppressive
mechanisms of Treg have been investigated in many in vitro and in vivo models. Multiple
mechanisms, acting simultaneously, rather than a single mode of action are proposed. (i) Treg can
induce B7-H4 expression in APC and these B7-H4+ APC induce T cell cycle arrest. (ii) When
activated, Treg are able to directly kill T cell and APC targets through perforin-granzyme B
dependent pathways. (iii) Treg expressing CTLA-4 induce indoleamine 2,3-dioxygenase (IDO)
expression in APC which in turn suppress T cell activation by reducing tryptophan availability. (iv)
The release of IL-10 and TGF-B by Treg directly inhibits T cell activation and the expression of
MHC-molecules, CD80, CD86 and IL-12 by APC. (v) Competitive consumption of IL-2 by Treg
represents an alternative suppressive mechanism (86,88).

The antigen-specificity of Treg is still poorly understood. Many TAA are self-antigens and since
Treg are specific for self-antigens, it is possible that Treg recognize at least a subset of TAA. Treg
can also have TAA specificity because they were induced in dLN and/or the tumor
microenvironment. Some data suggest that differentiation, expansion and activation of Treg are
driven in an antigen-specific manner, whilst activated Treg display suppressor activity in a non
antigen-specific way (88). Most likely, this suppressive activity is interfering with both TAA-specific

priming and effector functions of effector T cells (101).

1.4.3. Innate immune cells counteracting antitumor immunity

The interaction between tumor cells and the innate arm of the immune system is increasingly
recognized to play a decisive role in the outcome of immunosurveillance throughout the multiple
stages of carcinogenesis. Although undoubtedly contributing to tumor rejection initially, in a
setting of unresolved inflammation, tumor cells and stromal elements subvert host innate

immune mechanisms to promote disease progression (86,102).
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1.4.3.1. Tumor-associated macrophages

Macrophages are a prominent component of the cellular response to tumors, mediating diverse
functions. TLR-dependent activation of macrophages results in the production of reactive oxygen
species (ROS) and the secretion of inflammatory cytokines. Galarneau et al. recently showed in a
murine GBM model that tumor growth is more rapid in mice depleted of macrophages (103). In
contrast to these beneficial activities, tumor-associated macrophages (TAM) play major roles in
tumor progression. Mirroring the obsolete Th1/2 paradigm, many refer to polarized macrophages
as M1 and M2 cells. In general, M1 cells have an IL-12" 1L-23", 1L-10° phenotype, are efficient
producers of effector molecules such as ROS and nitrogen intermediates and inflammatory
cytokines (IL-1B, TNF), participate as inducer and effector cells in polarized Thl responses and
mediate resistance against intracellular parasites and tumors. In contrast, M2 cells participate in
polarized Th2 reactions, promote killing and encapsulation of parasites, are present in established
tumors and promote progression, tissue repair and remodeling and have immunomodulatory
functions. Similar to the Th1/Th2 nomenclature, the M1/M2 dichotomy is not sufficient to
completely cover the entire macrophage spectrum. It is currently accepted that TAM represent a
skewed M2 population. Circulating blood monocytes are actively recruited to the tumor site by
tumor-derived chemotactic factors such as CCL2, macrophage-colony stimulating factor and VEGF.
In the tumor microenvironment, monocytes differentiate into TAM that establish a symbiotic
relationship with tumor cells; tumor-derived factors positively modulate TAM survival and TAM-
derived factors promote tumor cell proliferation, survival, matrix deposition, tissue remodeling
and neoangiogenesis. TAM produce cytokines that negatively modify the outcome of a potential
antitumor response. IL-10, IL-6, VEGF and TGF-B inhibit the maturation and activation of tumor-
associated DC. IL-10 and TGF-B promote Th2 cells and Treg which inhibit a T cell mediated
antitumor response. Since TAM contribute to tumor progression to such a high extent, they
represent relevant targets for therapy. TAM activation, recruitment, survival, effects on
angiogenesis and matrix remodeling and effector molecules are all currently under investigation

(104-107).
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1.4.3.2. Myeloid-derived suppressor cells

Tumor progression in patients and experimental animals with cancer is frequently associated with
the expansion of a cell population of myeloid origin. Under normal conditions, CD31+CD11b+Gr1+
myeloid precursors differentiate into DC, macrophages or granulocytes. The presence of tumor
and tumor-derived factors blocks this differentiation pathway and leads to the accumulation of
immature CD11b+Gr1+ myeloid cells, termed myeloid-derived suppressor cells (MDSC) (108). To
exert their function, these cells require cell-cell contact and compromise both innate and adaptive
immunity. Innate immunity is inhibited by suppressing natural killer (NK) cell-mediated lysis and
by polarizing macrophages towards the TAM subtype. Adaptive immunity is inhibited by
suppressing the activation and proliferation of T cells and antibody production by B cells. MDSC
also limit the availability of mature and functional DC, facilitate the development of FoxP3+ Treg
and favor tumor angiogenesis. It has recently been proposed that MDSC represent the true link
between inflammation and cancer. Chronic inflammation causes an increase in MDSC that inhibits
immune surveillance and antitumor immunity, thereby facilitating malignant cell transformation

and proliferation (109-111).

1.4.4. GBM immune evasion

The genetic instability of GBM and the repeated exposure to immune selective pressures increase
the potential for selection of tumor cell variants with an enhanced capacity to evade immune
attack. Many studies have demonstrated that tumor cells simultaneously utilize multiple immune

evasion strategies (86,109).

1.4.4.1. Secreted immunosuppressive factors

PGE2. Cyclooxygenase-2 (COX-2) derived PGE, has an extremely wide range of action, both under
physiological circumstances and in cancer. PGE, promotes tumor cell invasion, motility and
angiogenesis and induces immunosuppression by downregulating the production of Th1 cytokines
(IL-2, IFN-y and TNF-a) and upregulating Th2 cytokines (IL-4 and IL-10). PGE; inhibits T cell
activation and suppresses the antitumor activity of NK cells and macrophages. Moreover, PGE,

induces MDSC and has a direct effect on Treg by inducing FoxP3 expression in non-Treg cells and
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by increasing Treg activity. Finally, COX-2 overexpressing tumor cells induce IL-10 expression in
mature DC, thus promoting Treg induction (112,113).

TGF-6. The three closely related isoforms of TGF-B (TGF-B1, 2 and 3) are involved in the regulation
of inflammation, angiogenesis and cell proliferation. TGF-B inhibits T cell activation and
proliferation, as well as the maturation and function of APC. Recent in vitro data even show that
TGF-B1 expression in glioma cells was upregulated by conditioned medium from CD3-activated T
cells, suggesting secretion of this cytokine in response to immunity (114). The synthesis of
cytotoxic molecules including perforin, granzymes A and B, IFN-y and Fas-L is impaired by TGF-B in
CTL. It might also facilitate the conversion of naive T cells to Treg and recruitment of Treg towards
the tumor site (115,116). The accumulation and functionality of Treg in experimental glioma has
been very well documented by Grauer et al. and Fecci et al. (96,98).

IL-10. The function of IL-10 in cancer is complex: depending on the model used, it can display
immunosuppressive or immunostimulating activities and is therefore often termed
immunomodulatory. IL-10 can act on both tumor cells and immune cells to inhibit antitumor
immune responses. It has been documented that IL-10 is involved in the inhibition of IL-2 induced
T cell proliferation, DC and macrophage T cell activation and downregulation of MHC class |l
molecules on APC (117).

VEGF. In addition to promoting angiogenesis, VEGF downregulates antitumor immunity, both by
inhibiting the activation of nuclear factor-kB in DC, thereby preventing DC maturation, and by

suppressing the activation of T cells. VEGF also promotes the generation of MDSC (118).

1.4.4.2. Evading tumor-effector cell interactions

Extracellular matrix proteins. Efficient lysis of tumor cells is dependent on proper binding of
effector cells to the target cell surface. T cell proliferation and cytokine production is inhibited by
tenascin-C and it has been documented that GBM cells produce thick glycosaminoglycan coats
which protect them from CTL activity (109).

Intercellular adhesion molecule-1 (ICAM-1, CD54). 1CAM-1 functions as a cell surface receptor for
leukocyte function antigen-1 (LFA-1) that is present on CTL and NK cells. This interaction facilitates
T cell recognition of TAA presented in MHC class | context on APC and target cells. Disruption of
the LFA-1/ICAM-1 interaction inhibits target cell lysis and hence constitutes one mechanism of T

and NK cell immune evasion (119).
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MHC class | defects. Displaying aberrant MHC class | molecules by tumor cells may allow them to
evade T cell detection. Several types of abnormal MHC class | expressions have been documented:
(i) complete MHC class | loss, (ii) MHC class | allelic loss and (iii) loss of MHC class | haplotype. Very

low expression of MHC class | molecules has been observed in glial tumors as well (120).

1.4.4.3. MHC class | deficient tumors escape NK cell killing

NK cells represent one of the core elements of the innate immune system, lysing target cells.
Unlike T cells, NK cells preferentially target tumor cells lacking MHC class | molecules. In fact, in
normal tissues, NK cell tolerance is maintained by the expression of inhibitory killer
immunoglobulin-like receptors on NK cells reacting with MHC class | molecules. MHC class I-low or
-deficient GBM tumors can escape NK cell lysis by the ectopic expression of human leukocyte
antigen-G, that has a role in the protection of the fetus from allorejection by maternal T and NK

cells (121).

1.4.4.4. The Fas-Fas-L pathway of apoptosis

Binding of Fas receptor and its ligand, Fas-L, initiates a signaling cascade resulting in apoptosis of
Fas-expressing cells. Tumor cells can disrupt this apoptotic pathway at different levels; Fas surface
expression can be downregulated or a soluble decoy receptor can be secreted. Inhibition of
caspase-8 activation by expression of Fas-associated death domain-like IL-1B-converting enzyme
inhibitory protein (cFLIP) has also been documented. Strikingly, Fas-L-expressing tumor cells can in

turn attack activated Fas+ T cells (109).

1.4.4.5. Other immunosuppressive mechanisms

B7-H1. Programmed death ligand-1 (PD-L1), alternatively termed ‘B7-H1’, has a strong
immunomodulatory activity and has been described on both normal tissues and tumors.
Microglial-associated B7-H1 expression plays a role in controlling autoimmune disease, but in the
context of malignancy, it helps to create an immunosuppressive network in the tumor
microenvironment (122). Reverse signaling through PD-L1 and PD-L2 into DC might result in a

suppressive DC phenotype (123).
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Galectin-1. The expression of galectin-1 (Gal-1), a B-galactoside-binding protein, has been well
documented on a wide range of tissues and in particular on malignant lesions and the associated
stromal cells. Gal-1 has diverse functions in several aspects of cancer biology, including the
regulation of tumor transformation, cell cycle regulation and apoptosis. Futhermore, this glycan-
binding protein may also contribute to tumor metastasis by modulating cell adhesion, migration
and invasiveness. In addition, Gal-1 acts as a negative regulator of T cell immunity and contributes
to tumor cell evasion of T cell responses (124).

Signal transducer and activator of transcription-3 (STAT-3). STAT-3 is commonly constitutively
activated in diverse cancers (including GBM), through different signaling pathways such as the
PI3K-AKT-mTor pathway. Constitutive STAT-3 activity in tumors negatively regulates
inflammation, DC activity and T cell immunity (125). In particular, the release of pro-inflammatory
cytokines and chemokines is suppressed. In addition, STAT-3 positively regulates the expression of
anti-apoptotic proteins such as Bcl-2, Bcl-XL, Mcl-1, survivin and cFLIP in GBM cells (126).
Indoleamine 2,3-dioxygenase. IDO is one member of the enzyme-pair that degrades the essential
amino acid tryptophan in mammals. In cancer, IDO is overexpressed in both tumor cells and
stromal immune cells where it promotes the establishment of tolerance to tumor antigens. In
conditions of tryptophan shortage, T cells undergo cell cycle arrest. IDO is also upregulated in APC
upon Treg induced CTLA-4/B7-dependent cell-cell signaling and these IDO+ ‘regulatory’ DC can
easily expand Treg (127,128).

The L-arginine metabolism. In higher organisms, the control of amino acid metabolism is emerging
as an evolutionarily preserved strategy for limiting the expansion of actively proliferating cells —
including antigen-activated T lymphocytes — and tumor cells have adopted this concept to avoid
or restrain attack by the immune system. Interference with the L-arginine metabolism is also a
major mechanism of action of MDSC. The latter cells use two enzymes involved in the L-arginine
metabolism to control T-cell responses: inducible nitric oxide synthase (iNOS), which generates
nitric oxide and arginase 1 (Argl), which depletes the milieu of arginine. Thl cytokines induce
iNOS, whereas Th2 cytokines upregulate Argl. Induction of either enzyme alone results in a
reversible blockade in T-cell proliferation. When both enzymes are induced together,
peroxynitrites, generated by iNOS under conditions of limited arginine, cause activated T

lymphocytes to undergo apoptosis (129-131).
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1.5. Towards an optimal cancer vaccine: are we there yet ?

Although a negative answer to the question above seems disappointing at first, it is clear that we
are only starting to get a glimpse of the complex mechanisms controlling antitumor immunity and
counteracting immune suppression. The true unraveling of these processes and their interplay
provide tumor immunologists with a continuously growing number of potential targets. In
immunotherapy for cancer — including malignant glioma — researchers and clinicians are leaving
the obsolete frameworks of therapies based on single strategies. It is now accepted that in the
majority of patients and tumors, the establishment of immunological control of malignancy will
not be reached by boosting the effector arm of the immune response only. At least transient
downregulation of the counteracting natural and/or tumor-induced immunosuppressive
mechanisms may be equally relevant, if not more (132).

When optimization is applied in a strict way to DC vaccination, tremendous opportunities still lie
in generation of the most appropriate DC subset, DC maturation, nature and source of tumor
antigens, DC loading method, route, dose and frequency of vaccination. Biological safety was one
of the main questions to be addressed initially. In most studies, toxicity is limited to mild local
reactions at the injection sites, although febrile reactions and tumor pain have been reported
(59). Major autoimmune side effects were anticipated as most tumor antigens are self-antigens
but were not or only rarely observed (133). Between 1996 and 2004, more than sixty clinical trials
have been completed using tumor antigen-loaded DC and many more are in progress or
scheduled (74). All of them apply different methods of DC-generation, nature and source of
antigens and loading techniques, which makes it at this stage extremely hard to draw even
preliminary conclusions. Efforts are undertaken to make ex vivo generated DC more responsive to
chemotactic cues (thereby improving DC homing to secondary lymphoid organs), to increase the
expression of costimulatory molecules (to make them even better APC) or to force the cells to
obtain a more activated phenotype with e.g. TLR ligands. Obviously, the gold standard in DC
cancer therapy has yet to be defined (74). Up to now, there is no or only limited evidence that DC
vaccines represent a means of inducing protective immunity in cancer patients that is superior to
other immunotherapeutic strategies. Often half or even less of the treated patients exhibit
immune responses against the vaccinated antigen(s). Despite occasional correlations between
immunological and clinical responses in this kind of single-arm trials, it is not yet clear whether

the modest clinical responses were caused by the vaccination, or whether they reflect the

22



selection of patients with better prognoses and capable of mounting efficient immune responses
(53).

We are now at the beginning of the era in which immunotherapy is claiming its place in the
multimodal treatment of cancer. Removal of bulky tumor by surgical resection remains crucial and
the extent of resection often represents a predictor for final outcome. Immunological control of
minimal residual disease is conceptually more feasible to establish, even if the remaining tumor
cells are actively spreading. Potential synergies between conventional chemotherapy and
radiotherapy on one hand and immunotherapy on the other hand, have recently drawn special
interest. It has been noted that chemotherapy can cause DC activation through enhanced cross-
presentation of tumor antigens if chemotherapy induced apoptosis leads to a pro-inflammatory
environment at the site of tumor cell death. Moreover, chemotherapy mediated reduction of
immunosuppressive leukocytes can act synergistically with DC vaccination or adoptive T cell
transfer (134). The other way round, DC vaccines might sensitize GBM cells to chemotherapy
(135). Similarly, it has been documented that radiotherapy might preferentially remove
suppressor T cells, permitting a more efficient effector T cell activity. The combined use of DC
vaccines with administration of mAb such as anti-CD134 or anti-angiogenesis therapy in an

adjuvant setting might even yield a more efficient immune response (136-138).

1.6. Experimental rodent models for malignant glioma

Over the last 4 decades, thousands of in vitro and in vivo reports in both rat and mouse GBM
models have been published (Table 1). It is highly important to highlight a few but fundamental
differences between those models. A first distinction is to be made between spontaneous
oncogenesis in genetically engineered mice and engrafted (i.e. the implantation of primary tumor
cells or tumor cell lines) tumor models. Although spontaneous tumor models are mimicing the
clinical situation of gliomagenesis much more closely than the engrafted models, the main
drawbacks are the poor reproducibility, low tumor penetrance, prolonged latency for tumor
formation and the need for advanced in vivo imaging techniques. On the other hand, since
engrafted models lack the stepwise genetic changes occurring during tumor progression, many of
them remain well circumscribed, lack characteristic histological vascularization and rarely

recapitulate the tumor-of-origin phenotype. Nevertheless, based on their fairly good
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reproducibility, engrafted models are best suited for evaluating preclinical therapies such as DC
immunotherapy (139,140).

Below, we briefly summarize the most relevant reports in the murine GL261 glioma model, since
this model has been used in our studies as well. Ni et al. underscored the immunogenicity of the
GL261 tumor cells by treating mice with an intracranial glioma with tumor extract-pulsed cloned
DC. Cured animals showed increased DTH responses to GL261 cells and long-term tumor
protection was observed (141). Aoki et al. showed that pulsing DC with a complex of tumor
extract with cationic liposomes induces an antitumor immune response against intracerebral
glioma in which CD8+ T cells are involved (142). Protective immunity against intracranial glioma
growth obtained through immunization with either lysate- or RNA-loaded DC was reported by
Insug et al. Adding recombinant IL-12 to the vaccine regimen further improved its efficacy (143).
The survival benefit of combining vaccination with lysate-pulsed DC and IFN-B gene therapy was
demonstrated by Saito et al. (144). Similarly, the group of Tsugawa et al. reported that the
sequential intratumoral delivery of an IFN-a encoding adenoviral vector and DC induced long-
term survival and specific CTL activity (145). The same group moreover showed that intratumoral
administration of DC, genetically engineered to secrete IFN-a, enhances the efficacy of systemic
vaccines with cytokine-gene transduced tumor cells (146). Kjaergaard et al. observed complete
tumor regression of established intracranial tumors with infiltration of both CD4+ and CD8+ T cells
using vaccines created through electrofusion of DC and irradiated tumor cells (147). Survivin, a
member of the inhibitor of apoptosis family of proteins, has been the GL261 TAA of choice for
Ciesielski et al. In particular, the authors exploited the xenogeneic differences between human
and murine surviving sequences to develop a more immunogenic tumor vaccine (148). The
efficacy of systemic immunotherapy with DC loaded with GL261 antigens was confirmed by
Pellegatta et al., but the authors moreover introduced the concept of cancer stem cells in this
model. They reported that DC-targeting of cancer stem cells within the GL261 tumor cell pool
provides a higher level of protection against GL261 glioma (149,150). Recently, Grauer et al.
illustrated the pronounced impact of FoxP3+ Treg in this model and stated that Treg elimination is
even a prerequisite for successful eradication of established glioma using tumor lysate-pulsed DC

(98,99).
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Species Strain Tumor Type of tumor | Origin of tumor | Immunogenic Number of publications
(in vitroftotal in
vivo/orthotopic in vivo)
Mouse C57BL/6 GL261 Glioma Syngeneic + (66/35/27)
(methylcholantrene
induced)
athymic nude, u251 Glioma Human + (47/79/50)
SCID or other
immuno- )
deficient mice? us7r Glioblastoma Human + (124/101/53)
Rat Lewis CNS-1 Glioma Syngeneic + (71716}
(methylnitrosurea
induced)
Wistar Cé6 Glioma Syngeneic + (2381/517/371)
(outbred) (methylnitrosurea
induced)
A15A5 Glioma Syngeneic + (71513}
(ethylnitrosurea
induced)
Fischer Fo8 Glioma Syngeneic (weak) (113/45/40)
(ethylnitrosurea
induced)
RG2 (D74) Glioma Syngeneic - (59/31/22)
(ethylnitrosurea
induced)
RT2 Glioma Syngeneic + (5/12/10)
(methylnitrosurea
induced)
9L (T9) Gliosarcoma Syngeneic + (436/223173)
(methylnitrosurea
induced)

Table 1. Experimental rodent glioma models.

Entrez pubmed queries used were respectively: [(species) (tumor) glioma (in vivo)] for #[total in vivo]; [(species)
(tumor) glioma (in vivo in brain)] for #[‘orthotopic in vivo] and [(species) (tumor) glioma] minus [(species) (tumor)
glioma (in vivo)] for #[in vitro]. @ Immunological studies in immunodeficient hosts for human glioma xenografts
require ‘humanisation’, i.e. repopulation of the host with functional human immune cells (often CD34 progenitor cells

with additional transfer of effector cells or additional immunization with APC such as DC).
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Chapter 2. Aims of the study and experimental approach

2.1. General aim

For GBM, no curative breakthroughs have been obtained in any therapeutic field during the last
decades. Hence the prognosis for these patients remains dismal and a further search for better
therapy is undoubtedly required (29). A defective immunological surveillance has been recognized
as a hallmark of cancer (including GBM) allowing malignancy to progress with often fatal
consequences (37). In this context, innovative immunotherapeutic treatments aiming to restore or
even improve antitumor immunity are now emerging as promising anti-GBM strategies. Active
immunotherapy — also termed tumor vaccination — consisting of treatment with autologous,
tumor antigen-loaded DC, is believed to be the most powerful tool for the induction of efficient T
cell mediated antitumor immune responses (47,53). This kind of immunotherapy is being explored
for many types of cancer with often spectacular results in experimental models. So far, objective
clinical responses in humans are limited, although many cancer patients treated with DC exhibit
pronounced immune responses. However, these antitumor immune responses are often
counteracted by the tumor via a wide array of immunosuppressive mechanisms, finally leading to
tumor cell escape from immunosurveillance (38,46). A better understanding of the balance
between antitumor immunity and immunosuppression will be essential to shed light on new
treatment modalities that simultaneously boost the effector arm of the immune response and
reduce the harmful tumor-induced immunosuppression.

Our research group has previously established that DC-based immunotherapy is a promising tool
in the fight against GBM. In parallel with the experimental data presented here, a phase I/Il clinical
trial for GBM patients is conducted by our research group. Briefly, autologous DC from a GBM
patient are differentiated ex vivo from PBMC and are subsequently pulsed with autologous GBM
tumor antigens obtained from a tumor lysate. Mature, antigen-loaded DC are then administered
to the patient in the form of a cellular vaccine. The basic concept of this methodology is that the
vaccinated DC migrate to the secondary lymphoid organs where they can prime or boost T cell
mediated antitumor immunity. For GBM patients, DC immunotherapy is undoubtedly promising
and warrants further investigation (59,63). At the same time, many questions regarding GBM
immunotherapy are still open and require further exploration. In this work, we try to address

some of these issues in a more standardized setting both in vitro and in an experimental mouse
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model. The overall aims of this study are (i) to optimize DC immunotherapy for GBM and (ii) to
unravel the cellular mechanisms governing antitumor immunity and immune suppression. We
hope that insights in the immunological mechanisms explored in this work might generate new
hypotheses for being tested in the clinical setting as part of the cohort comparison clinical trial

HGG-IMMUNO-2003.

2.2. Specific aims and methodology

2.2.1. Immunotherapy against glioma with RNA-loaded DC: proof of concept

It has been shown by our group that GBM immunotherapy with DC, targeting the entire repertoire
of tumor antigens provided by tumor lysates, is a valuable approach (58,59). However, in GBM
patients, the amount of tumor tissue available for lysate preparation is often a limiting factor.
Using total tumor RNA instead of tumor lysate for DC loading could offer a virtually unlimited
source of tumor antigens, since mRNA can be amplified in vitro (151). Others have shown that
transfection of DC with tumor-derived RNA is highly efficient with minimal safety risks (76-
79,151,152). Therefore, we first validate the concept of DC loading with RNA-molecules (4.3.) and
subsequently perform functional assessment of DC loaded with total glioma-derived RNA in a
murine in vitro system (4.4). Secondly, the therapeutic efficacy of RNA-loaded DC is explored in an
experimental glioma model in which mice are prophylactically vaccinated with DC and
subsequently undergo orthotopic tumor challenge with GL261 glioma cells (4.5). Finally, we also
explore the specificity of the DC induced immune response in the experimental glioma model

(4.6.).

2.2.2. Implementation of bioluminescent imaging in an experimental mouse model for DC

immunotherapy against glioma

Despite their clinical relevance, a major disadvantage of orthotopic tumor models is that animals
need to be sacrificed to assess tumor growth. To evaluate glioma growth in our experimental
setting and in particular the effect of DC immunotherapy, we implement in vivo bioluminescent
imaging (BLI) in this model (Chapter 5). Native GL261 glioma cells are therefore lentivirally

transduced with Firefly luciferase (Fluc), allowing in vivo visualisation of Fluc-expressing GL261

28



cells through BLI. This type of optical imaging allows non-invasive, rapid, reproducible assessment
of intracranial tumor load in a semiquantative way (153). The implementation of BLI in our model
will not only lead to a reduction in the number of mice needed, but will further enable us to

monitor any therapeutic effect in real-time.

2.2.3. Study of the balance between antitumor immunity and immune suppression in

experimental murine glioma

Despite the promising potential of DC immunotherapy, the vaccine-induced antitumor immunity,
mainly T cell driven, is in most cases not sufficient to completely eradicate an established tumor
and thus to provide long-term immunological protection. Other interventions, such as
(temporarily) lowering of the many immunosuppressive mechanisms could facilitate the
development of a more potent effector immune response (154). The experimental mouse model
used in this study offers an outstanding stage to explore in depth the involvement of specific cell
populations and to study immune reactions within the brain itself. In particular, we investigate the
role of CD8+ effector T lymphocytes, since it is established that cytotoxic CD8+ T cells are key
players in antitumor DC vaccination (155,156). We therefore deplete CD8a+ cells in vivo through
administration of a CD8a-depleting mAb (6.3). A major role in GBM tumor immunology has been
attributed to Treg, a subset of CD4+ T cells that prevent autoimmunity under normal physiological
conditions but are also potent suppressors of antitumor immune responses (88). We aim to boost
antitumor immunity by eliminating Treg in vivo by administration of an anti-CD25 mAb (6.4). Since
persistent immunological control of glioma formation is necessary to prevent tumor relapse, we
address this by subjecting mice that are long-term survivors from initial tumor challenge, to
intracranial re-challenge with glioma cells (6.5). Virtually impossible to accomplish in humans, our
experimental glioma model allows detailed monitoring of local immunological processes within
the brain. In a series of experiments, we explore these immune events in tumor challenged mice
that were either treated with DC vaccination, received anti-CD25 treatment or received combined
treatment. In an attempt to cover both innate and adaptive immunity, we study brain infiltrating

lymphocytes as well as myeloid cells (6.6).
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Chapter 3. Materials and methods

3.1. Animals, cell lines and culture media

3.1.1. Mice

Female adult (10 weeks old) C57BL/6J and BALB/C mice were purchased from Harlan (Horst, The
Netherlands). C57BL/6J-Tyrc'ZJ/J mice were purchased from Jackson Laboratories (ME, USA). The
animals were housed in filtertop cages, bedded with saw dust and had free access to food and
water. All animal experiments were approved by the bioethics committee of the Katholieke

Universiteit Leuven that follows international guidelines.

3.1.2. Tumor cell cultures

Methylcholantrene-induced murine C57BL/6J syngeneic GL261 glioma cells were kindly provided
by Dr. Eylpoglu from the University of Erlangen (Germany). GL261 tumor cells were maintained in
Dulbecco’s modified essential medium (DMEM) supplemented with 10 % heat-inactivated fetal
calf serum (FCS), 2 mM L-glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin and 100 pg/ml
gentamycin sulfate (all from Lonza, Verviers, Belgium). MC17-51 fibrosarcoma (ATCC clone CRL-
2799) and Lewis lung carcinoma (LLC) tumor cells, kindly provided by Prof. Conway from the
Katholieke Universiteit Leuven (Belgium), were maintained in RPMI with the same supplements as
mentioned for the GL261 cells. Cells were cultured in a humidified atmosphere containing 5 % CO,

at 37 °C.

3.1.3. Lentiviral transduction of GL261 cells with Firefly luciferase

Construction and production of the lentiviral vector pCHMWS-Fluc-IRES-Puro was performed as
for previously described constructs (157). The day before transduction, GL261 cells were seeded in
a 96-well plate at 15,000 cells per well. On the day of transduction, medium was replaced by
DMEM containing vector (5 x 10* pg/ml p24, multiplicity of infection < 1) and incubated for 5 h.
After transduction, medium was replaced, and 48 h later, the cells were assayed for luciferase

activity. Transduced cells were splitted twice per week. Puromycin (Sigma-Aldrich, Bornem,
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Belgium) was used at 1 ug/ml once a week to select for stably transduced cells. Transduction was
performed under L2 containment and before release of transduced GL261 cells to L1 containment,
cell cultures were tested for absence of recombinant vectors in a rescue assay and p24 protein
concentration was measured by an ELISA (HIV-1 p24 core profile ELISA, DuPont, Dreiech,

Germany).

3.1.4. Primary cell cultures

Splenocytes, lymph node cells and brain-infiltrating lymphocytes were cultured in RPMI
supplemented with 10 % heat-inactivated FCS, 2 mM L-glutamine, 100 U/ml penicillin, 100 pg/ml
streptomycin, 1x non-essential amino acids (Lonza) and 50 uM beta-mercaptoethanol (b-ME,
Sigma-Aldrich, Bornem, Belgium). DC medium consisted of RMPI-1640 supplemented with 10 %
heat-inactivated fetal calf serum, 2 mM L-glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin
and 50 uM B-ME. Digestion medium consisted of RPMI 1640 with 10 % heat-inactivated serum, 2.5
mg/ml of collagenase D (Roche) and 5 U/ml of DNase | (Invitrogen). Cells were cultured in a

humidified atmosphere containing 5 % CO, at 37 °C.

3.2. Generation of murine DC and loading with RNA-molecules

3.2.1. DC culture

DC were derived from bone marrow (BM) progenitor cells as described (158,159). Recombinant
murine GM-CSF (20 ng/ml) was kindly provided by Prof. Dr. Kris Thielemans (Vrije Universiteit
Brussel, Brussel, Belgium). Medium was refreshed on day 3 and 5 of culture. Immature DC (DCi)
were harvested on day 7 of culture by vigorous pipetting and washed with phosphate buffered

saline (PBS, Lonza).

3.2.2. Electroporation of DC with RNA

For DC loading with total RNA (from GL261, LLC, MC17-51 tumor cell lines or splenocytes), DCi
were transfected with 15 pg of total RNA per million DCi through exponential decay

electroporation (300 V and 150 pF) with a GenePulser electroporator (Bio-Rad, Nazareth,
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Belgium). RNA extraction was performed with the RNeasy Midi Kit (Qiagen, Venlo, The
Netherlands) and quality controlled with an Agilent 2100 Bioanalyzer (Santa Clara, CA, USA). Cells
were resuspended in OptiMEM medium (Gibco, Invitrogen, Merelbeke, Belgium) at 20 x 10° per ml
and 4 x 10° DCi were used per electroporation cuvette. The mRNA load for enhanced green
fluorescent protein (eGFP) and Fluc reporter genes was 1 pg per million DCi. For lysate-loading
(DCm-GL261-L), DCi were co-incubated with GL261 lysate at 100 pg per million DCi per ml
OptiMEM medium for 30 min at 37 °C. Lysates were generated by exposing GL261 cells to 6
consecutive freeze/thaw cycles (3 min in liquid nitrogen and 3 min on 56 °C respectively).
Immediately after loading, DC were again put in culture for 24 h in DC medium with GM-CSF, and
0.5 ug/ml E. coli lipopolysaccharide (LPS, Sigma-Aldrich) was added to induce maturation. The next
day, DCm were harvested, counted and resuspended at suitable concentration for further

application. Maturation was assessed by flowcytometry as described further.

3.3. Amplification of total cellular mRNA

Total GL261 mRNA was amplified according to the optimized protocol by Harris et al (151). Briefly,
one microgram of total RNA was used in a 10 pl reverse transcriptase reaction containing 1 uM
capswitch primer, 1 uM CDS 64T+ oligo primer, 100 U of Powerscript reverse transcriptase (BD
Biosciences Clontech), 1x first strand synthesis buffer, 1 uM dNTPs and 2 mM DTT. The reaction
mixture was incubated for 1 h at 42 °C. 2 ul of the reaction product was then diluted into a 100 ul
PCR reaction containing 0.4 uM of T7 Capswitch and CDS 64T+ oligo primers, 0.4 uM dNTPs, 1x
KlenTag PCR buffer, and 2 ul Advantage KlenTaq polymerase mix (BD Biosciences Clontech).
Amplification was achieved after 20 cycles consisting of 95 °C for 5s, 65 °C for 5 s, 68 °C for 6 min.
The amplified cDNA was purified using a PCR purification kit (QIAGEN). Three ug of each cDNA was
transcribed in vitro using a T7 mMessage mMachine kit (Ambion) according to the manufacturer’s
instructions. Final RNA was purified using an RNeasy mini column (QIAGEN) following the

manufacturer’s protocol for RNA cleanup.
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3.4. Flowcytometry

Murine DC were stained for H—2Kb, I-A/I-E, CD80, CD86, CD40 and CD11c. Lysed whole blood,
splenocytes, dLN and brain-infiltrating cells were analysed for CD4, CD8, CD25, CD62L, Gr-1,
CD11b, CD45 and F4/80. For each staining, appropriate isotype stainings were used. For
intracellular detection of FoxP3, the protocol guidelines of the FoxP3 staining kit (eBioscience, San
Diego, CA, USA) were followed. Cell viability was assessed by propidium iodide (PI) staining
according to manufacturer guidelines (BD Pharmingen, Erembodegem, Belgium). Analysis was
performed using the Cellquest software on a FACSort flowcytometer (BD Pharmingen) for 2- and
3-color analysis and on a FACSCanto flowcytometer for 4-color analysis. For determination of
absolute cell numbers of specific cell populations, relative cell fractions (as percent of total) were

multiplied by the total number of viable cells (FSC-SSC gated).

3.5. Invitro assessment of cell function

3.5.1. Mixed lymphocyte reaction

A total of 2 x 10° responder splenocytes (isolated from a naive BALB/C mouse) were plated in flat-
bottom 96-well culture plates. C57/BL6 BM-derived DC were used as stimulator cells in a
responder:stimulator ratio ranging from 5:1 to 50:1. Phytohemagglutinin (PHA) was used as
positive control. Final volume was 200 pul in each well. After 96 h of incubation at 37 °Cand 5 %
CO,, cultures were pulsed with 1 pCi [*H]thymidine per well and harvested 18 h later. Triplicate
cultures were set up for every condition. Results are expressed as mean counts per min (cpm) +

standard error of the mean (SEM).

3.5.2. Expression of eGFP in DC after electroporation with eGFP-mRNA

Twenty-four h after electroporation, eGFP expression in DC was assessed by flowcytometry or

fluorescence microscopy. Untouched cells and mock-electroporated DC were used as controls.
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3.5.3. Invitro stimulation experiments

Basic methodology. Mouse T cells were enriched out of total splenocytes from naive C57BL/6 mice
with nylon wool (Kisker-Biotech, Leiden, The Netherlands). T cells underwent three stimulation
cycles of 7 days each with DCm-GL261-RNA or DCm-GL261-L. As a control, unstimulated T cells or T
cells stimulated with DC loaded with LLC RNA (DCm-LLC-RNA) or unloaded DC (DCm-mock) were
used. Responder — stimulator ratio was 10:1 and 20 U/ml rhullL-2 (Hoffmann-La Roche, Vilvoorde,
Belgium) was added on day 1 and 4 of each cycle. Cells were counted with an automatic hemato-
counter (Micros 60, Horiba ABX, Montpellier, France). In vitro proliferation assay. Two hundred
thousand lymphocytes were restimulated in vitro with 2 x 10* DCm-GL261-L for 96 h in a 96-well
plate in a total volume of 200 ul. Read-out was similar as for MLR (see 3.3.1.) Flowcytometry and in

vitro tumor cell viability assay were performed as described.

3.5.4. Invitro tumor cell viability assay

The viability assay has been performed as described (160). In brief, target tumor cells (5 x 10°)
were co-cultured with effector cells (5 x 10*) in a total volume of 200 ul in a flat bottomed 96-well
cell culture plate (TPP, St. Louis, MO, USA). After 2, 4 or 6 days of co-culture, medium together
with non-adherent cells was removed, the wells were carefully rinsed with PBS and 100 ul of a 0.5
mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma) solution in
culture medium was added. The plates were wrapped in tinfoil to protect them from light and
incubated for 2 h. After incubation, the MTT solution was removed from the wells and 100 ul pure
dimethylsulfoxide (Merck, Darmstadt, Germany) was added. After gentle shaking of the plates
(400 rpm, 5 min), optical density was measured on 570 and 620 nm using an ELISA reader (Thermo

Labsystems, Franklin, MA, USA). The ODs70.620 nm Value was used as measure for cell viability.

3.6. Murine glioma model

3.6.1. Orthotopic glioma challenge

For the orthotopic intracranial model, GL261 cells were harvested, washed, counted and adjusted

to 5 x 10° in 10 ul of culture medium, unless mentioned otherwise. Mice were anesthetized
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intraperitoneally with 6 pl per gram body weight of a 18.75 mg/ml ketamine (Pfizer, Puurs,
Belgium) and 0.125 % xylazine hydrochloride (Bayer, Brussels, Belgium) mixture. After shaving of
the skull, mice were fixed in a stereotactic frame (Kopf Instruments, CA, USA) and 2 % lidocain
hydrochloride (AstraZeneca, Brussels, Belgium) was applied locally for one min. A 1.5 cm
longitudinal incision was made and a burr hole was drilled through the skull at 1.0 mm lateral and
1.5 mm posterior from the bregma. Tumor cells were injected over 1.5 min at a depth of 3 mm
below the dura mater with a 26 Gauge syringe (Hamilton, Bonaduz, Switzerland). See also Figure 2.
After injection, the syringe was left in place for an additional 2 min and then slowly retracted. The
site of the burr hole was rinsed with saline and sterile bone wax was used to seal off the burr hole.
The incision was closed with stitches and 2 % sodium fusidate (Leo Pharma, Wilrijk, Belgium) was
applied. Stereotactic challenge was performed under sterile conditions. Three times per week,
mice were weighed and clinical symptoms were scored with a neurological deficit scale adapted
from an experimental autoimmune encephalomyelitis model, with grade 0 for healthy mice, grade
1 for slight unilateral paralysis, grade 2 for moderate unilateral paralysis and/or beginning
hunchback, grade 3 for severe unilateral or bilateral paralysis and pronounced hunchback and
grade 4 for moribund mice (161). Unless mentioned otherwise, mice were sacrificed by cervical
dislocation when they showed grade 4 symptoms and brain was prelevated for histological
analysis. Mice with a survival longer than 60 days were considered long-term survivors.
Rechallenge was performed between day 80 and day 90 and each time, naive mice of

approximately the same age were challenged as controls.
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Figure 2. Intracranial challenge with glioma cells under stereotaxic guidance.

(a) Positioning of mouse in stereotaxic frame and intracranial injection of tumor cells with a Hamilton syringe. (b)
Coronal brain section of an adult C57/BL6 mouse, cresyl-violet stained. Red ellipse marks position where tumor cells
are injected. Printed with permission from Neurogenetics at UT Health Science Center, Memphis, TN (USA) ©1999 RW
Williams, design by AG Williams, atlas by T Capra (www.mbl.org) (162).
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3.6.2. Subcutaneous tumor challenge

For subcutaneous tumor challenge, GL261 or MC17-51 tumor cells were resuspended at 1 x 10° in
50 ul of culture medium. Mice were anesthetized as mentioned above, the skin of the right hind
limb was shaved and cells were injected subcutaneously over 1 min with an insulin syringe. After
injection, the syringe was left in place for 1 additional min and then slowly retracted. Long (a) and
short (b) perpendicular tumor diameters of the tumor were measured three times per week with a
caliper. Approximation of the tumor volume was calculated using the following formula: volume =

axb?/2 (144).

3.6.3. Treatment with RNA-loaded DC

Mice were vaccinated with one million CD11c+ DCm on day -14 and -7 before tumor challenge.
Vaccinations were given intraperitoneally in a volume of 200 pl PBS. For each vaccination,
flowcytometric quality control of the DC was performed. A representative image is depicted in

Figure 3.

3.6.4. Functional immune monitoring

Spleen cells and pooled lymph node cells from the inguinal and axillary lymph nodes were used for
ex vivo restimulation experiments. 2 x 10° cells were restimulated with 2 x 10* mature DCm-
GL261-L. PHA was used as positive control. Mouse IFN-3 ELISPOT was performed with ethanol
activated polyvinylidenfluoride 96 well plates (Millipore, Billerica, MA, USA). For coating, the AN18
antibody (15 pg/ml, Mabtech, Stockholm, Sweden) was used. Cells were plated in triplicates with
the respective stimuli and incubated for 36 h. For spot detection, the R4-6A2-biotin mAb (1 pg/ml,
MABTECH) was used together with streptavidin:ALP (1:1000, Mabtech). Spots were analyzed with
an ImmunoScan (Mabtech). Finally, AP-conjugated substrate (Bio-Rad, Nazareth, Belgium) was

added until spots emerged. For ex vivo proliferation assays, see 3.5.3.
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3.6.5. Invivo depletion of specific lymphocyte subpopulations

For depletion of CD25+ cells, mice received a single bolus injection (250 ug) of the PC61 mAb
(Bioceros, Utrecht, The Netherlands) 21 days before tumor challenge. CD8+ cells were depleted
using 200 pg 1 day before and 100 pg 1 day after tumor challenge of the YTS169 anti-CD8 mAb
(Bioceros, Utrecht, The Netherlands). Ab were diluted in sterile PBS and all injections were given

intraperitoneally. Polyclonal rat IgG (Rockland, Gilbertsville, USA) was used as control.

3.6.6. Isolation of brain-infiltrating cells

Mice were anaesthetized by intraperitoneal injection of 100 ul sodium pentobarbital (Ceva Sante
Animale, Brussel, Belgium), both femoral arteries were opened and the animals were perfused
through the left cardiac ventricle with 50 ml cold PBS. Brains were removed and cut in small pieces
with a scalp in a 50 ml tube in 1 ml of digestion medium. Next, 2 ml of digestion medium was
added and the tissue was incubated on 37 °C for 30 min. After incubation, the digested tissue was
passed through a cell strainer (BD) and thoroughly washed. The suspension was centrifuged (400
g, 5 min) and the pellet was resuspended in 10 ml of 40 % percoll (Sigma). This suspension was
carefully brought on top of 4 ml of 70 % percoll in a 15 ml tube and centrifuged for 25 min at 800
g. After gradient centrifugation, the top myelin and debris layer was removed and the
mononuclear cell interphase was recovered and washed two times in PBS. For further functional
assays, cells were separated based on the expression of CD11b using CD11b MicroBeads (Miltenyi
Biotec, Bergisch Gladbach, Germany). Briefly, cells were counted and centrifuged at 300 g for 10
min. Cells were resuspended in buffer (PBS with 0.5 % FCS and 2 mM EDTA) according to
manufacturer guidelines. For 10’ cells, 10 pl of CD11b MicroBeads were added, mixed and
incubated for 15 min at 4 °C. Cells were washed by adding 2 ml of buffer per 10’ cells and
centrifuged at 300 g for 10 min. Cells were resuspended in 500 ul of buffer and magnetic
separation was performed with MS or LS columns (depending on the cell number). Both the
unlabeled CD11b- fraction and the magnetically labelled CD11b+ cells were collected and washed

with PBS. Flowcytometric quality control was performed before further use.

40



3.7. Imaging

3.7.1. Invitro bioluminescent imaging of living cells

Cells were plated in triplicates in black 96 well plates in 50 ul of culture medium. Medium
containing D-luciferin potassium salt (Xenogen, Alameda, CA, USA) was added to a final
concentration of 150 pg/Il. After 5 min incubation, the cells were imaged for 1 to 5 s in an IVIS 100

system (Xenogen).

3.7.2. Invivo bioluminescence imaging

For all experiments, the IVIS 100 system (Xenogen) was used. Mice were anesthetized just before
imaging in an induction chamber with 2 % isoflurane gas in 100 % oxygen at a flow rate of 1 |/min
and maintained in the IVIS with a 1.5 % mixture at 0.5 |/min. During the induction phase, mice
were injected with D-luciferin (126 mg/kg) dissolved in PBS (15 mg/ml) by intraperitoneal
administration. Mice were then immediately placed in prone position in the IVIS and consecutive
10 s to 5 min imaging frames were acquired until the peak in bioluminescent signal was reached.
For each frame, the bioluminescent signal was depicted as a pseudocolor image superimposed on
a grayscale photographic image. In vivo imaging data are reported as the photon flux (p/s) from a
1.35 cm? circular region of interest around the head. For subcutaneous measurements, a 3.22 cm?

circular region of interest was defined.

3.7.3. Exvivo brain luminescent imaging

Mice were anesthetized as described and injected with 126 mg/kg D-luciferin in the lateral tail
vein. Two consecutive imaging frames of 1 min were acquired. Immediately afterwards, the mice
were sacrificed by cervical dislocation, decapitated and the brain was dissected. The brain was
placed in an acrylic brain matrix (Harvard Apparatus, Holliston, MA, USA) and sliced into 1.0 mm
thick coronal sections. Serial sections were imaged for 30 s in the IVIS. From each mouse, the
section with the highest emission was stored at -80 °C. Ex vivo BLI data are represented as

maximum flux (p/s/cm?/sr) from the most intense luminescent brain slice.
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3.7.4. Invitro measurement of luciferase activity

For measurement in GL261 cell cultures, cells were harvested from culture flasks and counted.
Four million living cells were pelleted and lysed with 150 ul of Luciferase Cell Culture Lysis Reagent
(Promega, Leiden, The Netherlands). Frozen brain slices were cut in halves along the midline,
thawed and protein extracts were prepared by homogenization with a rotor-stator homogenizer in
300 pl Luciferase Cell Culture Reagent.

All samples were centrifuged for 15 s at 12,000 g and supernatant was collected. In an opaque 96
well plate, 20 ul of supernatants was plated in triplicate, 50 ul of Luciferase Assay Reagent was
added and luciferase activity was determined after 1 s exposure time with a luminometer (Thermo
Labsystems, Franklin, MA, USA). Protein content from each sample was measured in triplicate

using the Bradford method (163).

3.8. Histology

Brain slides. Prelevated brains from sacrificed animals were long-term fixed in 6 % p-
formaldehyde. Fixed brain samples were embedded in paraffin and 10 um thick serial coronal
sections were prepared and mounted on glass slides. All slides were stained with hematoxylin and
eosin (HE).

Stereological counting. Tumor volume was determined by stereological counting of serial slides
based on the Cavalieri algorithm (164). The interval between the slides was 500 um and all slides
(minimally three) going through the region of interest were used to estimate tumor volume.
Stereological tumor area estimations were performed on previously collected samples of which at
least three coronal slides of the entire region of interest were available. From each sample, the
slice with the largest tumor area was selected. Stereolnvestigator software was used
(Microbrightfield, Magdenburg, Germany).

Cytospins of brain-infiltrating cells. From each sample, 2 x 10° cells were used for cytospin
preparation. Cells were pelleted (500 g, 5 min) and resuspended in 2 ml saline. For each cytospin,
500 ul cell suspension was used. Slides were centrifuged at 300 g for 10 min and May Griinwald-
Giemsa stained. Cytospins were analysed with a stereomicroscope. For each sample, lymphocytes,

macrophages and granulocytes were enumerated per field of view (FOV) on 40 x magnification.
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3.9. Statistical analysis

All data are represented as mean * standard error of the mean (SEM). Survival analysis was
performed using the Logrank test. For comparing multiple groups, one-way ANOVA was used.
Parametric testing was performed if allowed. For comparison of 2 groups, Student t-test was
performed. The Pearsons correlation coefficient was obtained through linear regression analysis.
Statistics were calculated with Prism software 4.0a (Graphpad Software Inc., San Diego,CA). In

graphs, statistical significances are indicated as follows: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).
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Chapter 4. Inmunotherapy against GBM with RNA-loaded DC: proof of concept

4.1. Introduction

Due to the lack of a well characterized TAA profile for GBM, DC-based GBM immunotherapy
mostly relies on the use of whole tumor cell preparations as source of tumor antigens. Hence,
every immunogenic epitope is theoretically covered, thereby avoiding tumor escape. Methods
that take advantage of the entire protein content of the tumor cell to load DC include tumor cell
lysates, engulfment of apoptotic or necrotic tumor cell remnants and fusions of DC with tumor
cells (48). Alternatively, total tumor RNA or mRNA has been used. Several groups have reported
that loading RNA-molecules into DC in the context of cancer immunotherapy is both safe and
highly efficient (76-81,151,165,166). Moreover, total mRNA can be amplified in vitro (151). This
could prove to be very relevant for GBM patients, since the amount of tumor tissue available for
tumor cell lysate preparation is often limited. Throughout the years, electroporation has emerged
as the method of choice to load DC with RNA-molecules, although very little uniformity exists with
regards to electroporation conditions (81,167). This part of the study focuses on both technical
issues related to RNA-loading of DC as well as on functional validation of these cells in the context

of GBM immunotherapy.

4.2. Specific aims

e To perform an in vitro feasibility study on loading of DC with foreign RNA (4.3.).
Expression of DC surface markers, induction of apoptosis, cytokine production, allogeneic
stimulatory capacity and reporter gene expression were monitored.

e To investigate whether DC loaded with tumor-derived RNA were functional APC in vitro,
leading to an antitumor immune response (4.4.). Therefore, T cells were stimulated in vitro
by DC loaded with total RNA from glioma cell lines and the cytotoxic effect of stimulated T
cells was assessed.

e To evaluate the efficacy of immunization with RNA-loaded DC in an experimental mouse
glioma model (4.5.).!

e To determine the specificity of the induced immune response (4.6.)."

! These parts of the study have been published elsewhere in a slightly different format; Maes et al. (60).
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4.3. Loading DC with foreign RNA-molecules

Out of the wide range of voltage and capacitance settings tested for electroporation of murine
BM-derived DC, the best overall results were obtained with an exponential decay pulse of 300 V
and 150 pF. Analysis of DC surface marker expression revealed a significant lower expression of B7
costimulatory signals on electroporated DC compared with untouched cells (Figure 4a). The
number of dead cells (Pl+, Figure 4b) was only slightly higher when analysed 24 h after
electroporation, but the yield of electroporated DC was reduced to 71.2 + 7.92 % of the number of
untouched DC (n = 14). The concentration of IL-12p70 in culture supernatant was unchanged
between electroporated (190 + 47.7 pg/ml) and untouched cells (205 + 61.0 pg/ml) after 24 h
pulsing with 1 pug/ml LPS (n = 6). MLR experiments with electroporated and untouched DC as
stimulator cells revealed that the capacity to stimulate allogeneic cells was not compromised by
electroporation (Figure 4c). Finally, we assessed translation of mRNA into functional proteins by
transfecting DC with mRNA encoding EGFP (Figure 4d). The transfection efficiency, determined by
the percentage of EGFP+ DC was 72.7 £ 9.32 % (n = 8).
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Figure 4. Electroporation of DC with RNA-molecules is feasible without major loss of cell function in vitro

Immature DC were left untouched (no EP) or electroporated (EP) and immediately afterwards matured with 1 pug/ml
LPS for 24 h. Mature DC (n = 8) were analyzed by flowcytometry for surface marker expression (a) and viability
through PI staining (b). The capacity to stimulate allogeneic cells was assessed in an MLR with total splenocytes from
naive BALB/C mice as responder cells. Responder:stimulator ratio (R:S ratio) was either 5:1, 10:1, 20:1 or 50:1. PHA
was used as positive control. One representative experiment is shown (n = 3) (c). EGFP reporter gene expression was
measured by flowcytometry 24 h after electroporation with 1 pug EGFP-mRNA per million DC (d). Non-electroporated

DC were used as control (filled histogram).
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4.4. In vitro assessment of tumor RNA-loaded DC as APC

In @ murine in vitro system, we demonstrated that bone-marrow derived DC, loaded with GL261
tumor antigens in the form of total RNA (DCm-GL261-RNA), were sufficient for the induction of
antitumor cytotoxic T cell activity in nylon-wool enriched splenocytes from naive C57BL/6 mice. As
control, unloaded DC (DCm-mock) and DC electroporated with LLC tumor antigens (DCm-LLC-RNA)
were used for stimulation of T cells. Flowcytometric characterisation of lymphocytes before and
after stimulation revealed pronounced activation on forward and side scatter if the cells were
stimulated with DCm, independent of antigen-loading (Figure 5a). This was found to be
concomitant with an increase in absolute cell number which was not observed with unstimulated
T cells (data not shown). Whereas the percentage of total CD8+ T cells decreased if stimulated
with DCm-mock, stimulation with DCm-GL261-RNA restored this population. We observed an
increase in CD8+CD25+ fractions between DCm-mock (10.8 + 0.95 %, p < 0.05, n = 3) and DCm-
GL261-RNA stimulated T cells (26.9 + 1.68 %, p < 0.05) respectively compared with baseline values
before stimulation (3.02 + 0.62 %). Within the CD8+CD25+ T cells, we could distinguish a cD25"
subpopulation, which was clearly upregulated (p < 0.05) when DCm-GL261-RNA stimulated T cells
(14.8 + 1.18%) were considered versus DCm-mock stimulated T cells (4.02 £ 0.55 %). Functionality
of stimulated T cells was addressed after three cycles of in vitro stimulation. Therefore, a
proliferation assay was performed with DCm-GL261-L as stimulator cells (Figure 5b). Unstimulated
and PHA stimulated cells were used as controls. Only T cells that underwent stimulation with DCm-
GL261-RNA (5.65 + 1.76 x 10° cpm, p < 0.05, n = 3) were able to mount specific proliferation upon
restimulation with DCm-GL261-L, whereas baseline T cells (367 + 64.6 cpm), DCm-LLC-RNA
stimulated T cells (530 + 46.2 cpm) and DCm-mock stimulated T cells (363 + 38.2 cpm) could not.
Co-incubation of GL261 target and effector cells, of which the latter were stimulated by DCm-
GL261-RNA (Figure 5c) clearly reduced tumor cell viability (OD 0.47 * 0.05) compared with
untreated target cells (OD 1.37 + 0.10, p < 0.001, n = 3). A significant decrease in tumor cell
viability was also noted when DCm-mock (OD 0.71 + 0.12, p < 0.01) and DCm-LLC-RNA (OD 0.72 +
0.05, p < 0.01) were used compared with untreated target cells. The immunogenicity of DCm-
GL261-L was also tested and induced similar immune responses as compared with stimulation
with DCm-GL261-RNA considering the induction of in vitro cytotoxicity, T cell phenotype and

proliferative capacity (data not shown).
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Figure 5. RNA-loaded DC induce a T cell-mediated antitumor immune response in vitro
From one representative experiment (n = 3), flowcytometric analysis of T cells prior to stimulation (baseline) and T
cells stimulated for two rounds with DCm-mock or DCm-GL261-RNA is shown. Cells were FSC-SSC gated on
lymphocytes (R1) and CD25 expression on CD8+ T cells is shown. Quadrants are set based on isotype control stainings.
Numbers on dotplots indicate relative cell fractions in respective quadrants. The R2 region is defining CD8+CD25"
cells. (b) Restimulation of primed T cells was performed with DCm-GL261-L. For each group, unstimulated cells and
PHA-stimulated cells were used as controls respectively. Responder to stimulator ratio was 10:1. Thymidine
incorporation was measured after 4 days of restimulation. Results are represented as mean cpm + SEM. (c) Stimulated
T cells were used as effector cells and co-incubated with GL261 tumor cells in an effector to target ratio of 10:1.
Unstimulated T cells were used as control. Tumor cell viability was measured in an MTT assay (OD = optical density)
after 2 days of co-culture and compared with target cells without effector cells added. The mean result (£ SEM) from 3

independent experiments are shown. Overall ANOVA p < 0.001.
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In the abovementioned system, we also studied the feasibility of in vitro amplification of total
mRNA. Therefore, total cellular RNA from the murine GL261 glioma cell line was isolated and
subjected to in vitro amplification as described by Harris et al. (151). The process of in vitro total
mRNA amplification is depicted in Figure 6a. For one reaction, 1 pug total GL261 RNA was used as
input. The yield of amplified total cellular mRNA was 12.4 + 1.72 ug per pug cDNA. In our hands,
loading of DC with amplified cellular GL261 mRNA (cRNA) did not result in a more efficient in vitro
induction of cytotoxic T cell activity compared with loading with total cellular GL261 RNA within

the same experiment (n = 2, Figure 6b).
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Figure 6. Amplification of total cellular mRNA.

(a) Concept. In the left panel, the gel picture of total cellular RNA isolated from the GL261 murine glioma cell line is shown. In the sample (S), the two thick bands correspond to
the large (28S) and small (18S) ribosomal RNA species. RNA integrity was not compromised by the isolation procedure. M = marker. Only mRNA was reverse transcribed into cDNA.
In the middle panel, a smear of different cellular cDNA species after amplification and purification is shown. The cDNA was then in vitro transcribed into cRNA. In the right panel, a
smear of different cellular cRNA species is depicted, i.e. amplified total cellular mRNA. (b) T cells were stimulated with DC loaded with either total GL261 RNA or GL261 cRNA and

co-incubated with GL261 target cells in an effector to target ratio of 10:1. Target cell viability was measured in an MTT-assay after 2 days of co-culture.



4.5. Prophylactic vaccination with RNA-loaded DC induces a protective antitumor immune

response in vivo

We implemented RNA-loaded DC immunotherapy in an established IC mouse glioma model
(168;169). Using a preventive treatment strategy consisting of two vaccinations with DCm-GL261-
RNA before tumor challenge (Figure 7a), we observed a significant increase in median survival
(Figure 7b) compared with untreated animals (21 versus 35 days, p < 0.001). Interestingly,
vaccination with DCm-mock (26 days, p < 0.001), DCm-LLC-RNA (29.5 days, p < 0.001) and DCm-
splenocyte-RNA (24 days, p = 0.04) also shifted median survival significantly as compared with
untreated animals. However, when compared with DCm-mock, only GL261 RNA-loading of DC
yielded a significant (p < 0.01) better survival and protected 12 out of 26 animals (46.2 %) from
tumor development. No protection was observed in untreated animals and animals treated with
DCm-mock, DCm-LLC-RNA or DCm-splenocyte-RNA. In some experiments, mice responding to
DCm-GL261-RNA treatment were followed up to five months after tumor challenge and no relapse
was noted. Consistently with overall survival, mapping of the tumor-induced neurologic deficits
(Figure 7c) revealed not only a more pronounced clinical manifestation but also an earlier (p <
0.01) onset of symptoms in untreated animals (18.0 + 0.82 days) compared with DCm-GL261-RNA
treated animals (29.2 + 2.21 days). Loss of body weight to less than 80 % of the initial weight
coincided with the onset of neurologic deficit (data not shown). Histological analysis on day 14
after tumor challenge showed infiltrating immune cells into the tumor bed in animals that
received DCm-GL261-RNA treatment (Figure 7d, left picture), whereas this phenomenon was
absent or much less pronounced in untreated mice. Comparison of brain slides of untreated
moribund (grade 4) mice and animals responding to DCm-GL261-RNA treatment (grade 0),
sacrificed on day 21 after tumor challenge showed the massive presence and total absence of

tumor cells respectively (Figure 7d, right pictures).
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Figure 7. Vaccination with RNA-loaded DC is partially protective against intracranial glioma challenge.

(a) Overview of the DC vaccination model. DCm-GL261-RNA were intraperitoneally injected on day 14 and day 7
before tumor challenge. Tumor challenge consisted of intracranial implantation of 5 x 10° GL261 tumor cells under
stereotaxic guidance. (b) Survival data represented as Kaplan-Meier graph of pooled experiments. Overall Logrank p <
0.0001. Survival curves of animals vaccinated with DCm-GL261-RNA (o, n = 25), DCm-mock (A, n = 9), DCm-LLC-RNA
(¥, n =4), DCm-splenocyte-RNA (m, n = 5) and untreated animals (e, n = 24) are depicted. (c) The tumor-induced
neurological deficit is displayed graphically over time by color-coding symptom severity, both for untreated mice (left
graph, n = 8) and DCm-GL261-RNA treated mice (right graph, n = 16). Grade 0 (green) = healthy mice, grade 1 (yellow)
= slight unilateral paralysis, grade 2 (orange) = moderate unilateral paralysis and/or beginning hunchback, grade 3
(red) = severe unilateral or bilateral paralysis and pronounced hunchback and grade 5 (black) = moribund and/or dead
mice. (d) Histological analysis of HE-stained brain slides. Normal brain parenchyma (nb) adjacent to the tumor bed (tu)
with infiltration of immune cells (black arrows) on day 14 after tumor challenge from a DCm-GL261-RNA treated
animal (left picture). Untreated mouse with progressive disease (upper right picture) and mouse responding to DCm-
GL261-RNA treatment (lower right picture). Representative pictures are shown from tissue slides obtained 21 days

after tumor challenge.
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4.6. Prophylactic DC vaccination results in a tumor-specific cell-mediated immune response

Specificity of the induced immune response was assessed in vivo by subcutaneous challenge with
either GL261 glioma or MC17-51 fibrosarcoma tumor cells in mice that were treated with DC
loaded with either GL261 or MC17-51 RNA (Figure 8a). In GL261 challenged mice, a delay in the
onset of subcutaneous tumor growth was noted in DCm-GL261-RNA treated (28.0 + 1.27 days) but
not DCmM-MC17-51-RNA treated (19.0 + 0.41 days) animals, as compared with untreated mice
(21.7 + 1.26 days). Reciprocally, tumor onset in mice that were challenged with MC17-51
fibrosarcoma cells was delayed compared with untreated mice (11.7 + 0.67 days) if mice were
treated with DCm-MC17-51-RNA (21.7 + 0.48 days) but not if treatment with DCm-GL261-RNA
(11.7 £ 0.42 days) was given.

To study the immune status of the animals that received DC treatment, we investigated whether
cells responsive to GL261 antigens could be found within the splenocyte and/or tumor dLN cell
pools. Therefore, the number of IFN-a producing cells upon specific in vitro restimulation with
DCm-GL261-L was measured in an ELISPOT assay. Baseline values obtained prior to treatment did
not reveal a significant number of IFN-3 producing cells (data not shown). Compared with
untreated animals, DC treated mice displayed a significantly higher number of both IFN-3
producing splenocytes (317 + 40.9 versus 119 + 10.9, p < 0.01) and dLN cells (320 + 38.3 versus

47.7 £ 11.2, p <0.001), when assessed 14 days after subcutaneous tumor challenge (Figure 8b).
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Figure 8. Specificity of DC immunization

(a) Treatment with DCm-GL261-RNA results in a GL261 tumor-specific immune response in vivo

Mice were either left untreated or prophylactically treated with DCm-GL261-RNA or DCm-MC17-51-RNA and
subsequently subcutaneously challenged with GL261 glioma (e®) or MC17-51 fibrosarcoma (o) cells. The growth of
subcutaneous tumors was measured with a caliper. For each group, the onset (in days post tumor challenge) of a
detectable tumor mass is depicted.

(b) Ex vivo assessment of specific immunization by treatment with DCm-GL261-RNA

Fourteen days after tumor challenge, pooled splenocytes and dLN cells from either DCm-GL261-RNA vaccinated (“DC”,
n = 8) or untreated (“control”, n = 8) mice were restimulated ex vivo for 36 h with DCm-GL261-L or PHA. Cells that
were left unstimulated were used as background within the assay. The production of IFN-3 was measured with

ELISPOT. Data are represented as mean + SEM number of IFN-3 spots per 2 x 10° cells in triplicate cultures.
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4.7. Discussion

In this chapter, we delivered proof that immunotherapy directed against experimental glioma with
RNA-loaded DC is technically feasible and scientifically meaningful. We first tried to monitor
critical aspects of in vitro DC function and demonstrated that although not unaltered,
electroporation does not compromise their main characteristics. These results are in accordance
with data published by others (79-81). Initial proof of concept was obtained by eliciting a primary
tumor-specific cytotoxic T cell-mediated response from a pool of naive T cells through stimulation
with DCm-GL261-RNA. Robust proof of concept could be obtained in the in vivo mouse GL261
glioma model, where DCm-GL261-RNA treatment resulted in prolonged median survival and even
fully protect nearly half of the mice, in contrast to any of the control conditions. Finally, as
indicated further in this dissertation, the brain-infiltrating lymphocytes have a specific cytotoxic
activity against GL261 tumor cells but not against LLC tumor cells (see 6.6.1.).

One of the central hallmarks of active immunotherapy is the specificity of the anti-tumoral
immune response, which contrasts to non-specific immune stimulations upon administration of
cytokines (44). In our in vitro cultures, however, DCm-mock- and DCm-LLC-RNA-stimulated T cells
were also capable of reducing GL261 tumor cell viability. This background and non-specific
reactivity might partly be explained as a consequence of the repetitive rIL-2 additions to the
cultures and/or by a so-called autologous MLR phenomenon resulting in aspecific lymphocyte
activity as previously described by our group in human in vitro stimulation experiments (58,168).
The strongest evidence of the in vitro induction of tumor-specific T cells was obtained through T
cell proliferation upon restimulation of DCm-GL261-RNA primed T cells with lysate-loaded DC and
through analysis of the ex vivo specific cytotoxic activity of brain-infiltrating lymphocytes after
vaccination of mice (see 6.6.1.). In our in vivo model, specificity was demonstrated by challenging
DCm-GL261-RNA treated mice with an immunogenic fibrosarcoma cell line which is
embryologically unrelated to glial tumors, or vice versa by challenging DCm-MC17-51-RNA treated
mice with GL261 tumor cells. In both cases the DC-mediated immunity against the target tumor
resulted in a delay of growth of the target tumor in sharp contrast to the unchanged growth rate
of the non-targeted tumor. Treatment with DCm-LCC-RNA and DCm-splenocyte-RNA also resulted
in a prolonged median survival of glioma-bearing mice as compared with untreated mice. A similar
finding was observed in the group of mice treated with DCm-mock. We postulate that the
induction of a minor immune response upon tumor challenge itself might be boosted in a non-

specific manner by administration of activated DC. In none of these control conditions, however,
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tumor challenged mice survived, pointing to the specific immunological protective effect of DCm-
GL261-RNA treatment.

In clinical practice, DC loaded with total RNA or mRNA have been used for different types of
malignancy, including renal cell carcinoma (169), prostate cancer (170), melanoma (171,172),
colon cancer (77), pediatric brain tumors (173,174) and malignant glioma (156). The number of
patients treated in these pilot studies is very limited and most patients are in an advanced stage of
disease, which compromises the drawing of conclusions on objective clinical response and
immunological response. In this work, we implemented total RNA-loading of DC in our
experimental glioma model and demonstrated its efficiency.

An important advantage of opting for loading DC with RNA as source of tumor Ag is that total
cellular mRNA can be amplified ex vivo to a virtually unlimited extent. This might be of particular
interest for GBM immunotherapy for which the amount of available tumor material is often a
limiting factor. Briefly, the commercially available systems for total mRNA amplification
encompass the reverse transcription of all polyA+ cellular RNA species into cDNA. Subsequently,
the PCR-amplified cDNA species are in vitro transcribed into mRNA by the SP6 or T7 bacteriophage
RNA polymerase. These methods have been optimized throughout the years, yielding now 100 %
of amplified sense cRNA (151). However, this method is labour-intensive and costly when aimed to
be performed under good manufacturing practice conditions for clinical use (172,175). Since the
portion of MRNA or antigen-encoding RNA species is very small within an eukaryotic cell (less than
10 % of total RNA content), one could assume that either enrichment for mRNA or mRNA
amplification would be necessary for DC loading. In our hands, we were able to load DC with total
cellular RNA. Moreover, loading with amplified RNA did not result in a more favourable outcome
in terms of cytotoxic T cell induction. This is in line with one of the pioneering reports in the field
of DC loading with RNA species by Boczkowski et al., revealing similar activity between DC loaded
with total or polyA+ RNA (76). The above mentioned in vitro results are in general accordance with
data published by others regarding immunotherapy based on RNA-loaded DC against glioma but
also many other types of cancer (155,176,177).

We studied the concept of glioma immunotherapy with ex vivo total RNA-loaded DC in an
experimental GL261 mouse glioma model (178). We opted for prophylactic treatment since others
reported the very aggressive nature of the GL261 model, necessitating additional intervention in
curative settings (96,179). Curative treatment with tumor lysate-loaded DC in this model has
shown to be ineffective, probably because the immune response is too slow to generate sufficient

numbers of immune cells with highly avid recognition of tumor antigens that are able to control
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the rapidly growing intracranial tumors. Another presumable explanation for failure of curative DC
therapy is the active and potent suppression of activated T cells by a variety of tumor-induced
mechanisms. Moreover, this model reflects the clinical therapeutic setting in which DC vaccination
is given at a stage of minimal residual disease after (sub)total resection and not at the time of
bulky disease (59,63). Vaccination with DCm-GL261-RNA prolonged survival and could fully protect

I "

nearly half of the treated animals against subsequent tumor challenge. Since no real “gold
standard” treatment is available in this experimental setting, we compared the relative in vivo
potency of the RNA-loaded DC to DC that were pulsed with tumor lysate. Completely similar to
DCm-RNA treatment, prophylactic immunization with lysate-loaded DC resulted in both a
significant shift in median survival and protection of half of the treated animals against
subsequent tumor challenge (180). Mapping of weight loss and tumor-induced neurologic deficit
clearly underscored the survival data. Finally, histological analysis revealed that DCm-GL261-RNA
vaccination resulted in infiltration of lymphocytes and non-lymphoid cells, in particular at the
interface of the tumor mass with the normal brain parenchyma. These findings are in correlation
with the data previously reported by Insug et al. (143).

The stimulated status of the immune system of DCm-GL261-RNA vaccinated animals was shown
by specific ex vivo restimulation of splenocytes and dLN cells. Splenocytes and dLN cells
responding to GL261 antigens were retrieved in DCm-GL261-RNA treated animals and only to a
significantly lower extent in untreated mice. Similar immunomonitoring has been reported by
Grauer et al., using IFN-y pretreated and irradiated tumor cells for ex vivo restimulation instead of
tumor antigen-loaded DC (98).

Applying our current treatment, only half of the treated mice could be protected. We hypothesize
that immunotherapy modulates a delicate balance between immunogenic antitumor and
counteracting tolerogenic and/or suppressive mechanisms involved in the antiglioma immune

response. This will be further discussed in Chapter 6.
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Chapter 5. Bioluminescent imaging in an experimental mouse model for DC immunotherapy

against glioma

5.1. Introduction

In experimental cancer research models, imaging has become of crucial importance. Molecular
imaging allows visual representation, characterization and quantification of biological processes at
the cellular and subcellular level in intact living organisms (181). Amongst different imaging
approaches, in vivo BLI is a highly sensitive imaging modality for small rodents that is rapid, easily
accessible and affordable. Therefore, BLI represents an ideal tool for the evaluation of (new)
antineoplastic therapies in mice or rat models (182-185). BLI relies upon the administration of the
appropriate substrate to cultured cells or to an animal harboring cells that express luciferase. The
most commonly used enzyme-substrate pair is Fluc and D-luciferin. When oxidized by Fluc, D-
luciferin emits photons that are able to traverse living tissues and that can subsequently be
captured by a CCD camera. Since the pioneering work by Contag et al., this technique has become
universally accepted for straightforward and high-throughput evaluation of rodent tumor models,
thereby extensively facilitating the study of different types of malignancy in their own micro-
environment (186-190). The methylcholantrene-induced GL261 mouse glioma model in B6 mice
has been studied extensively and is considered as the gold standard syngeneic model for
malignant brain tumors in mice (178). In this model, comparison of BLI with other state-of-the-art
imaging methods such as computed tomography, magnetic resonance imaging, positron emission
tomography, fluorescence reflectance imaging, intravital microscopy and ultrasound has been
addressed in detail (191-196). The application of BLI in experimental glioma has been well
documented both in the rat 9L gliosarcoma model and in the U87MG model in humanized SCID
mice (197-199). The advantages and disadvantages of BLI in rodent brain were recently

summarized by Deroose et al. (157).
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5.2.  Specific aims

e To validate BLI as semi-quantitative in vivo real-time tumor monitoring tool for the GL261
brain tumor model (5.3.).2
e To address the correlation between in vivo imaging data and clinical findings (5.4.).2

e Toinvestigate the value of BLI in the context of DC-based immunotherapy (5.5.).2

5.3. Validation of BLI to measure luciferase activity in vivo and correlation between in vivo

BLI and stereologically determined tumor dimensions

In order to determine whether the in vivo measured BLI signal is an adequate measurement of the
luciferase activity in the mouse brain in the GL261 glioma model, we correlated the in vivo BLI
signal with both ex vivo BLI values obtained on brain slices and in vitro luminometric
measurements. Linear regression analysis (Figure 9a) revealed a strong linear correlation between
in vivo and ex vivo BLI (r* = 0.93; p < 0.01; n = 5). From the same animals, the ex vivo brain slice
with the highest BLI value was used to determine luciferase activity in vitro. Therefore, frozen
brain slices were cut in halves along the midline and mechanically homogenized. Again, a strong
linear correlation was found between ex vivo BLI and in vitro luciferase measurements (r? = 0.95; p
< 0.01; n = 5). The linear correlation between in vivo BLI and in vitro luciferase activity was less
pronounced (r?=0.81; p < 0.05; n = 5).

Mice that were initially challenged with a high tumor load (more than 5 x 10° cells) revealed
midline crossing of the tumor by day 9 after tumor challenge, as demonstrated both by ex vivo BLI
and in vitro luciferase measurements. The migration of tumor cells across the midline towards the
contralateral hemisphere could not be detected by in vivo BLI (Figure 9b). Ex vivo BLI revealed
leakage of tumor cells posterior from the site of injection in mice that received a high challenge
dose. Taking into consideration the anatomy of the mouse brain, this could occur through the
aqueduct of Sylvius which allows cerebrospinal fluid to move from the third to the fourth
ventricle. This phenomenon was not detected on in vivo imaging frames prior to ex vivo BLI,
probably due to masking of this subtle effect by the very bright emitting tumor mass at the site of

injection. In our hands, the migration of tumor cells seemed strictly limited to the brain ventricle

? These parts of the study have been published elsewhere in a slightly different format; Maes et al. (61).
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system and did not cause metastatic disease since no in vivo BLI signal was detected in the spinal
column nor at sites outside the CNS (data not shown).

To confirm that the in vivo assessment of luciferase activity in GL261 brain tumors is a well-suited
semi-quantitative tool to measure the actual tumor burden, we compared our in vivo BLI data of
established tumors between 11 and 23 days after tumor challenge with the gold standard method,
being stereological counting on histological slides (164). First, a strong linear correlation (r? = 0.95;
p < 0.001; n = 10) was found between in vivo BLI and tumor volume determined by the Cavalieri
algorithm on serial coronal slides (Figure 9c, left panel). Although we could note a considerable
degree of necrosis in intracranial tumors with a volume exceeding 10" pm3, this had only little
influence on the strength of the linear relationship between in vivo BLI and tumor volume (r? =
0.99, p < 0.001 for linear correlation for the volumes below 10 um? versus r? = 0.94, p < 0.01 for
the volumes above 10° ums3).

Secondly, we performed a retrospective analysis to determine the tumor area in all brain samples
(pooled experiments) of which at least three sections through the tumor mass were available.
Regression analysis between the largest tumor area of each sample and in vivo BLI (Figure 9c, right

panel) again yielded a significant linear correlation (r> = 0.77; p < 0.001; n = 14).
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Figure 9. Validation of BLI for in vivo luciferase activity and correlation between BLI and stereologically determined tumor dimensions.

(a) Assessment of luciferase activity in GL261 glioma cells with BLI. /n vivo and ex vivo BLI measurements and in vitro luminometric data were correlated. Pearson’s correlation coefficients
from linear regression analysis were 0.93 (p < 0.01; n = 5) for in vivo versus ex vivo BLI (left panel), 0.95 (p < 0.01; n = 5) for ex vivo versus in vitro RLU (middle panel) and 0.81 (p < 0.05; n = 5)
for in vivo BLI versus in vitro RLU (right panel).

(b) Ex vivo BLI reveals midline crossing of progressing tumors and leakage of tumor cells. Mice initially challenged in the right hemisphere with a high tumor load (more than 5 x 10° GL261
cells) revealed midline crossing of the tumor, 9 days after tumor challenge as demonstrated both by ex vivo BLI (signal marked by white ellipse) and in vitro luciferase measurements (bar
graph). Ex vivo BLI revealed leakage of tumor cells posterior from the site of injection in mice challenged with a high tumor load. In the right image frames, ex vivo BLI imaging frames on
consecutive brain slices from anterior to posterior (top to bottom) are shown from a mouse that received 1 x 10° cells. L,R = left,right hemisphere.

(c) Correlation between in vivo BLI measurements and physical dimensions of intracranial GL261 tumors.

Regression analysis showed a strong linear correlation between in vivo BLI and tumor volume stereologically determined on serial coronal slides (left panel). HE-staining of massive
intracranial tumors randomly obtained between day 11 and 23 after tumor challenge (with tumor volume exceeding 10" um?) showed substantial necrosis (left panel, inset, white rectangle
indicating necrotic area, white bar = 100 um). Retrospective analysis was performed on brain samples for which at least three different sections through the entire tumor mass were

available; regression analysis between the largest tumor area of each sample and in vivo BLI (right panel) again yielded a significant linear correlation. All values are represented on a

logarithmic scale.



5.4. Monitoring of glioma growth in vivo with BLI and correlation with clinical findings

First, we assessed whether in vivo BLI could be applied to monitor subcutaneous GL261 tumor
growth. Regression analysis between caliper measured tumor volume and in vivo BLI (Figure 10a)
showed a moderate linear correlation (r*> = 0.65; p < 0.01; n = 10). Continued imaging of
established subcutaneous tumors with volumes exceeding 1.2 x 10* mm?3 revealed a complete
disappearance of in vivo BLI signal within the central tumor mass (Figure 10b). On the contrary,
tumor cells in the peripheral margins of the tumor were still capable of substrate metabolisation
and emission of light. Macroscopic inspection of these large subcutaneous tumor masses revealed
a massive central necrotic area (Figure 10c).

To evaluate BLI as in vivo monitoring tool for glioma progress in situ, we performed a follow-up
study in which mice were frequently scanned from the moment of tumor challenge until end-stage
disease. Mice were orthotopically challenged with different initial doses of tumor cells, ranging
between 1 x 10* and 1 x 10° cells (Figure 10d, amounts lower than 1 x 10° not shown). In all
animals that finally developed glioma (except for the mice that received 2.5 x 10° GL261 cells), an
initial phase of 10.2 + 3.25 days was noted characterized by a stable or even decreasing in vivo BLI
signal (Figure 10d, gray area on graph). This phenomenon was independent of the initial number
of tumor cells injected. If in vivo BLI values from all experimental groups were compared over
time, a higher initial dose of tumor cells did not always correspond to a higher mean peak flux
measured later on. Mean peak flux values for each group, measured 14 days after tumor challenge
are listed in Table 2, together with the degree of neurological deficit in each group. In our hands, a
hundred percent success rate of glioma induction was obtained when mice were intracranially
challenged with at least 1 x 10° cells. Challenge with 1 x 10* tumor cells or less was not or at least
not always sufficient for induction of glioma, assessed both by in vivo BLI and histology (data not
shown). Early tumor formation (within the adaptation phase) was histologically compared with
established glioma at later timepoint. In virtually all early tumor samples, we noted a pronounced
fragmentation of tumor growth in a cluster-like pattern (Figure 10e, upper panel). In contrast,
established glioma revealed a central tumor mass clearly delineated from the surrounding brain
parenchyma (Figure 9e, lower panel). As control, mice were challenged with 10 ul of cell culture
medium (sham) or wt GL261 glioma cells (data not shown).

Next, we tried to link the increasing in vivo flux with the development of tumor-induced

neurological deficit in diseased animals. Transition in clinical status from grade 0 (healthy) to grade
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4 (moribund) corresponded with a mean flux increase of 1.58 + 0.19 log units, independent of
initial tumor load. The onset of clinical deficit showed a clear delay of 5.25 + 1.13 days compared

with the increase in in vivo BLI flux.
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Initial tumor Mean peak Mean Neurclogic deficit
dose flux value peak flux

{milliom.csiis) (P/s) (Sp'f;")' Grade 0 | Grade 1 | Grade 2 | Grade 3 | Grade 4
sham 4.38 x 104 3.15x10° 6 0 0 0 0
0.10 2.20x 106 1.24 x 106 6 0 0 0 0
0.25 5.66 x 106 3.99 x 10° 4 1 1 0 0
0.5 5.95 x 106 212 x 1068 4 2 0 0 0

1 519x 107 3.33 x 107 2 2 1 1 0

Table 2. Follow-up of mice with intracranial glioma challenge: in vivo BLI and clinical status

Mice received orthotopic tumor challenge with different doses of tumor cells; respectively 1 x 10°, 2.5 x 10°, 5 x 10°

and 1 x 10°. Sham challenged mice received intracranial injection of 10 pl cell culture medium. Mean + SEM group in

vivo BLI values are depicted, measured 14 days post tumor challenge (n = 6 for each group). For each group, the

number of mice exhibiting discrete neurological deficit is shown.
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Figure 10. Evaluation of in vivo glioma growth and correlation with clinical findings

(a-c) Validation of BLI for a non-orthotopic GL261 glioma model

Caliper measurements of subcutaneous tumor volumes and in vivo BLI (a) showed a moderate linear correlation (r? =
0.65; p < 0.01; n = 10). Upon continued imaging, the in vivo BLI sighal was completely lost within the central region of
subcutaneous tumors with volumes exceeding 1,200 mm3. Tumor cells in the peripheral margins of these tumors were
still capable of substrate metabolisation and subsequent emission of light (b, in vivo BLI image frames 21 and 29 days
post tumor challenge respectively). Macroscopic sections of these large subcutaneous tumor masses revealed a
massive necrotic area (c, tissue necrosis indicated by arrow).

(d-e) Monitoring of in vivo glioma progression with BLI and correlation with clinical findings

Mice received orthotopic tumor challenge with different doses of tumor cells (d), either 1 x 10° (¥), 2.5 x 10° (A), 5 x
10° (¢) or1x 10° (®) Fluc transduced GL261 cells. Data are corrected for background light output by subtracting flux
values of sham challenged mice from flux values of experimental groups. Sham challenged mice received intracranial
injection of 10 pl cell culture medium. Mean group BLI values are depicted for each time point of imaging (n = 6 for
each group). In all animals that finally developed glioma within 3 weeks after challenge (except the mice that received
2.5 x 10° GL261 cells), an initial tumor adaptation phase of 10.2 + 3.25 days was noted, characterized by a decreasing
or stable in vivo BLI signal (filled gray area). Early tumor formation during the adaptation phase is characterized by
numerous clustering of tumor cells in the brain parenchyma (e, upper picture, day 4 post tumor challenge).
Established glioma is noted after the initial adaptation phase (e, lower picture, day 16 post tumor challenge) with a

clear delineation between tumor (tu) and normal brain parenchyma (nb).
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5.5. Invivo BLI measurements are predictive for the response to DC-based immunotherapy

Our final aim in this study was to implement in vivo BLI as monitoring tool in an immunotherapy
model. For this, prophylactic immunotherapy was performed with murine bone marrow-derived
mature DC which were loaded with total GL261 tumor RNA. Whereas implantation of the GL261
tumor cells in untreated control mice revealed a steep and fast increase of the in vivo flux over
time followed by death within 3 weeks (median survival of 21 days), vaccination with DC revealed
different outcomes (Figure 11). A minor fraction (3/10) of the treated mice did not respond to
treatment at all and exhibited progressive disease (median survival of 26.5 days, p = 0.03
compared with untreated control). Nevertheless, BLI data in 2 of these 3 animals could still be
obtained at day 26 versus none out of seven untreated mice. Responding mice were either
complete responders (4/10) and showed a rapidly decreasing BLI signal that reached background
levels by day 10 after tumor challenge. These mice remained in perfectly healthy condition and
showed no tumor relapse on in vivo BLI up to day 80 after tumor challenge and were hence
considered as long-term survivors (p < 0.01 compared with untreated control). Interestingly, mice
that responded only partially (3/10) to the immunotherapeutic treatment displayed a slow in vivo
flux decline of 1 log unit after which the signal increased again rapidly. Median survival of the
latter subgroup was 47 days (p < 0.01 compared with untreated control). Histological analysis of
the brain revealed massive tumor burden in control as well as non-responding and partially
responding mice. We could not detect any tumor cells in long-term survivors on day 80 after

tumor challenge (data not shown).
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Figure 11. Prediction of response to DC immunotherapy by in vivo BLI

In vivo imaging of mice, prophylactically treated with one million DC (loaded with GL261 total RNA) on day 14 and day
7 before tumor challenge, revealed three distinct response patterns; 3/10 mice were unresponsive to treatment
(median survival of 26.5 days with p = 0.03 compared with untreated control) and displayed a rapid and steep increase
of in vivo flux (a, dotted grey lines). Two categories of responding mice were observed; 4/10 animals were considered
complete responders with long-term survival (p < 0.01 compared with untreated control) and displayed a rapid
decrease of in vivo flux (a, dotted black lines). Partial responders (3/10) were characterized by a temporal decrease of
in vivo flux with subsequent increase (a, solid grey lines). Median survival of the latter subgroup was 47 days (p < 0.01
compared with untreated control). Untreated control mice (a, solid black lines) all died within 3 weeks (median

survival of 21 days). Kaplan-Meier survival curves are depicted in panel b. Overall Logrank test p-value = 0.01.
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5.6. Discussion

In this study, bioluminescent imaging was established as in vivo measuring tool of GL261 glioma
load in mice. We further addressed the clinical relevance of in vivo generated BLI data, and finally
applied this methodology to monitor the response of mice that received immunotherapeutic DC
vaccination.

For initial validation of BLI as a semi-quantitative tool to monitor luciferase activity from glioma
cells in vivo, we compared in vivo BLI with ex vivo BLI and in vitro luciferase measurements. Strong
linear correlations were observed between in vivo and ex vivo BLI values in brain slices on one
hand, and ex vivo BLI and in vitro luminometric data on the other hand. The linear correlation
between in vivo BLI and in vitro luciferase activity was less pronounced. This phenomenon was
also observed by Deroose et al., who ascribed this effect to experimental error in the procedure of
brain extraction (157). Overall, the presented data show that in vivo BLI of living mice can be used
to detect luciferase activity in GL261 tumor cells in a non-invasive and semi-quantitative way.

From the ex vivo BLI and in vitro luminometric data, we observed that GL261 tumor cells tend to
cross the midline to the contralateral hemisphere, at least when a high initial dose is administered.
This might compromise the comparison with the contralateral hemisphere as healthy control
within one animal, even at an early time point after tumor challenge. Unexpectedly, leakage of
inoculated tumor cells through the ventricular system was noticed if more than 5 x 10> tumor cells
were inoculated. This can be due to experimental variability in the stereotactic administration of
tumor cells in spite of the standardisation of this procedure. The leakage of tumor cells could
partially explain the high variability between in vivo BLI measurements in groups of mice initially
receiving the same dose of cells. We did not observe formation of metastatic tumors within the
spinal cord nor outside the CNS, although GL261 tumors are tumorigenic when subcutaneous
challenge is performed (178 and unpublished data).

To obtain a robust validation of in vivo BLI as non-invasive and semi-quantitative imaging tool for
measurement of the actual tumor burden, we compared this technique with the established gold
standard to determine physical dimensions of established tumors on histological slides, namely
stereological counting (164). A very strong linear correlation was observed between in vivo BLI and
tumor volume as computed by the Cavalieri algorithm. When the volume of intracranial tumors
exceeded 10" um?, pronounced necrotic areas within the tumor mass were noted. Because

necrotic cells are no longer capable of light emission, it was expected that this phenomenon would
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weaken the strong linearity between in vivo BLI and tumor volume but this was not observed in
the orthotopic glioma model (153,200). A fairly good linear correlation was also observed between
the largest tumor area on coronal sections and the in vivo BLI signal from pooled, independent
experiments. The linear correlation between tumor area and volume (histologically determined in
coronal brain sections) on one hand and in vivo BLI values obtained through planar imaging in the
horizontal plane on the other hand, is suggestive for a radial growth pattern of the intracranial
GL261 tumors. Chemically induced tumors such as the GL261 model only partially mimic the
growth characteristics of primary, spontaneously arising tumors in genetically engineered mice
and one should definitely keep this in mind when comparing different experimental brain tumor
models (140). We also want to point out that BLI is not a genuine quantitative but rather semi-
guantitative imaging modality since three-dimensional phenomena are visualized bi-dimensionally
and BLI is prone to both attenuation and experimental error. When mice were challenged non-
orthotopically and the subcutaneous tumor growth was evaluated both by in vivo BLI and through
caliper measurements, only a moderate linear correlation was observed. This could be due to the
high experimental error of the caliper measurements of tumor diameters together with the rapid
and pronounced development of necrosis within subcutaneous tumors. This latter phenomenon
was extremely prominent in massive subcutaneous tumors. The more pronounced necrosis
observed in subcutaneous tumors compared with intracranial tumors might be partially explained
by the relative vessel-poor subcutaneous microenvironment compared with the highly
vascularised brain parenchyma (201). Due to the location within the CNS, intracranially challenged
animals die from an increased intracranial pressure finally resulting in brain stem impingement.
This occurs well before massive necrosis can develop, in sharp contrast to the subcutaneous
model, where tumors exceeding even 1,000 mm? are not fatal by themselves.

Interestingly, by performing in vivo BLI on glioma bearing mice, we discovered that not all of the
initially injected GL261 glioma cells adapted equally well to the hostile local environment of the
immunocompetent mouse brain. This selective stress on inoculated tumor cells caused the in vivo
BLI signal to drop early or remain stable until day 10 after tumor challenge. To our belief, this is
the first report mentioning a tumor cell adaptation phase which could have important
consequences on the outcome of antitumor treatment and in particular on the timing of
therapeutic interventions in this model. If the number of inoculated tumor cells was below 1 x 10°,
too few tumor cells escaped this environmental selection to allow establishment of glial tumors in

all of the challenged animals, further supporting the hypothesis of an initial tumor adaptation
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phase. Other groups have reported successful induction of intracranial glial tumors using 2 x 10* or
less GL261 cells, probably due to intrinsic differences in the GL261 tumor cell cultures (148,202). It
should be noted that the correlation between in vivo BLI and intracranial tumor volume was
assessed on samples obtained from well established tumors later than 10 days after challenge. To
our view, the typical early cluster-like pattern of GL261 tumor formation complicates stereological
determination of tumor volumes but does not impair the use of BLI to monitor tumor burden
during the tumor adaptation phase. Therefore, besides the aforementioned considerations on this
initial adaptation phase after tumor challenge, BLI is still a well suited monitoring tool to quantify
GL261 glioma growth in vivo. Long-term follow-up of mice that received different initial tumor
challenge doses revealed that mean group in vivo flux values are not the most robust parameter to
consider. Experimental error during tumor challenge and intrinsic differences between the
immunocompetent hosts contribute substantially to this high inter-animal variability.

Our data clearly showed a five day delay between the increase of in vivo flux and the onset of
neurological impairment. The latter phenomenon is likely due to a gradual increase in intracranial
pressure (with only limited compensation mechanisms) finally leading to a rapidly expanding
extracellular edema (203). Transition of tumor challenged mice from healthy to the moribund
state corresponded with a mean BLI flux increase of 1.5 log units, independent of the initial
challenge dose. Therefore we propose that the rate of tumor progression, rather than the initial
tumor load is the true causative factor for development of neurological deficit.

In the context of immunotherapeutic interventions, it can be postulated that Fluc itself is not
immunogenic, in contrast to other cell markers like green fluorescent protein (GFP). The poor
immunogenicity of luciferase has been clearly demonstrated by Hakamata et al. in a skin grafting
test. The authors noted long-term (> 100 days) acceptance of skin grafts from luciferase-transgenic
rats on wild-type rats, whereas this was less than 10 days if grafts from GFP transgenic rats were
used (204). Moreover, mice that were challenged with wild-type GL261 cells display a parallel
pattern of disease progression to the animals that received luciferase transgenic GL261 cells (data
not shown).

Finally, we evaluated the implementation of in vivo BLI in our model to monitor the response of
mice to prophylactic DC immunotherapy. Our in vivo BLI data underscore the relevance of in vivo
BLI for evaluation of experimental antineoplastic treatments such as DC immunotherapy. Mice
that were considered complete responders to therapy displayed an in vivo flux rapidly decreasing

to background levels. Partial responders showed only temporarily a slow and moderate decrease
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of in vivo BLI signal and subsequently exhibited progressive fatal disease with a prolonged median
survival, compared with non-responding mice. From these data, we conclude that in vivo BLI

imaging is a predictive monitoring tool for the therapeutic outcome of DC-based immunotherapy

in the GL261 glioma model.
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Chapter 6. Study of the balance between antitumor immunity and immune suppression in

experimental murine glioma

6.1. Introduction

Escape from immunosurveillance is considered as one of the hallmarks of malignant cell growth
and several mechanisms leading to immune suppression or immune escape have been described
in this perspective (37). On the other hand, it is generally accepted that a patient’s immune system
can be instructed to recognise and attack several types of malignant lesions — including GBM —
more efficiently (205). Results of in vitro experiments and animal studies, together with pilot data
from clinical trials, are very promising although it is still too early to draw definitive conclusions
(57-63).

Orthotopic rodent glioma models are highly useful to address fundamental questions regarding
the balance between pro- and anti-immunogenic cellular mechanisms in a standardized way (206-
208). Some of these pertinent issues will be addressed in this part of the study.

Regulatory T cells (Treg), a subpopulation of CD4+ T cells that constitutively express the
transcription factor FoxP3, the high affinity IL-2 receptor and the B7 ligand cytotoxic T lymphocyte-
associated antigen 4 (CTLA-4 or CD154), are required for the maintenance of tolerance throughout
the lifetime of an organism and are believed to represent key players in tumor immunology as well
(209,210). It has been shown by others that CD4+CD25+FoxP3+ Treg accumulate in murine and
human glioma during tumor progression and those cells are potent suppressors of anti-glioma
immune responses in vivo (98). Hence, Treg are becoming an important target in cancer
immunotherapy. Since no unique surface marker has been determined yet for Treg, in vivo
depletion of this cell population in murine models is mainly based on rather non-specific
interventions with mAb targeting CD25 (i.e. the alpha chain of the IL-2 receptor), which can also be
expressed on activated lymphocytes. Other reports have shown that Treg depletion can lead to an
anti-tumor effect in murine neuroblastoma and glioma models (207,211).

For all cancer patients, preventing tumor relapse is crucial. Unfortunately for GBM, total tumor
clearance or long-term control is currently still far beyond reach. Therefore, it is definitely
worthwhile to investigate in an experimental setting how immunotherapy can lead to persistent

protection against tumor relapse.

73



Within the field of cancer immunotherapy, innate immune cells such as TAM or MDSC have

recently drawn the attention of many researchers. After being neglected for a long time, these

cells now claim a more prominent role in the overall picture of tumor immunology and should

definitely be taken into account when coming in with immunotherapy (108-111).

6.2.

Specific aims

To dissect the mechanisms between immunogenic and immunosuppressive cellular processes in

the context of DC immunotherapy for experimental glioma.

6.3.

To investigate the role of CD8+ T lymphocytes in our model by depleting CD8a+ cells in
vivo (6.3).

To boost antitumor immunity by in vivo elimination of CD25+ Treg (6.4). 3

To study whether DC vaccination and/or Treg depletion could lead to persistent
immunological protection against intracranial glioma. Therefore, re-challenge experiments
were performed (6.5). 3

To characterize in detail the brain-infiltrating cells in tumor-bearing mice (6.6.). 3

CD8+ T cells are essential for the endogenous and vaccine-induced antitumor immune

response

Since RNA-loaded DC are considered to act primarily through priming of CD8+ T cells, prophylactic

DCm-GL261-RNA treatment was combined with depletion of CD8+ T cells at time of tumor

challenge to study their in vivo role in our model. Survival (Figure 12a) was significantly shortened

(median survival of 18 days, p < 0.001) in mice in which CD8+ T cells were depleted compared with

mice that received tumor challenge only (median survival of 22 days). Treatment with DCm-GL261-

RNA induced immunological protection and prolonged median survival to 45 days (p < 0.001

compared with untreated mice), whereas CD8+ T cell depletion in DCm-GL261-RNA vaccinated

mice shortened median survival (28 days; p = 0.02 compared with DCm-GL261-RNA vaccinated

* These parts of the study have been published elsewhere in a slightly different format; Maes et al. (60).
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mice). The median survival of DCm-GL261-RNA treated CD8-depleted mice was significantly longer
as compared with untreated CD8-depleted mice (28 days versus 18 days, p < 0.001). Interestingly,
whereas DCm-GL261-RNA treatment was sufficient to protect over 40% of animals from glioma
development, the combination of DCm-GL261-RNA treatment with depletion of CD8+ T cells
resulted in 100 % mortality. Efficiency of depletion was monitored over time and exceeded 90 %
when measured in cervical dLN 8 days after depletion (Figure 12b) and CD8+ T cell numbers
returned to normal values by day 15 (data not shown). To exclude a major impact of CD8a+ cell
depletion on the prophylactically administered DC, the expression of CD8a on ex vivo generated
DC was measured by indirect staining with unlabeled anti-CD8 mAb YTS169 followed by GAR:FITC.
The expression of CD8a on DC was 9.02 + 1.25 % (data not shown). Injection of control mice with
polyclonal rat IgG at time of tumor challenge did not affect survival or the percentage of systemic

CD8+ T cells (data not shown).

6.4. Anti-CD25 treatment is dominant to treatment with DC vaccination

It has been well documented in experimental rodent models that malignancy recruits and expands
Treg to decrease endogenous antitumor responses. In our model, FoxP3- expression among CD4+
splenocytes was assessed to investigate the influence of DC treatment on Treg. After two rounds
of immunization with DCm-GL261-RNA but prior to tumor challenge, no differences in percentage
of CD25+FoxP3+ cells within the CD4+ splenocyte population were noted compared with naive
animals. In contrast, 14 days after tumor challenge, prophylactic DCm-GL261-RNA treatment
resulted in a significant increase in splenic Treg compared with naive animals (11.9 + 0.32 % versus
7.35+0.19 %, p < 0.01, n = 5). In untreated mice, an increase in Treg upon tumor challenge was
also noted compared with naive mice, although to a lesser extent (9.54 + 0.31 %, p < 0.05, n = 5).
Hence, these data represented the rationale to perform a series of experiments in which Treg
were depleted in vivo prior to DCm-GL261-RNA treatment. We observed that independent of
treatment with DCm-GL261-RNA, the injection of anti-CD25 (Figure 13) was able to rescue all
tumor challenged animals (p < 0.001, n = 7). Depletion efficiency was monitored in peripheral
blood 4 days prior and 10 days after tumor challenge (respectively 17 and 31 days after CD25

depletion). Whereas CD25+ cells were still significantly downregulated 4 days before tumor
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challenge in anti-CD25 treated mice or mice that received combined treatment compared with
naive animals, a normalization was noted by day 10 after tumor challenge (Table 3).

Strikingly, whereas the percentage of splenic CD25-expressing CD4+ lymphocytes was 9.37 + 0.38
% in naive littermates, it was still significantly decreased in anti-CD25 treated mice (0.80 + 0.08 %,
p < 0.001, n = 5) 14 days after tumor challenge. However, DCm-GL261-RNA vaccination after CD25
depletion nearly completely rescued the CD25-expressing CD4+ cells (8.09 + 0.13 %, p < 0.001, n =
5) compared with anti-CD25 treatment only. Moreover, a substantial fraction (3.35 £ 0.72 %) of
the restored CD25+CD4+ splenic T cells by combined treatment expressed the Treg transcription
factor FoxP3 compared with 0.65 + 0.14 % for mice that received anti-CD25 treatment only (p <
0.001, n = 5). The total number of splenic CD4+ T cells was not significantly different between
groups (data not shown). The GL261 glioma cells did not express CD25 themselves (data not
shown). Prophylactic injection with polyclonal rat IgG of mice that were subsequently challenged

with glioma did not affect survival or the percentage of systemic CD25+ cells (data not shown).
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Figure 12. Involvement of CD8+ T cells in the endogenous and vaccine-mediated antitumor immune response

Mice were left untreated or received prophylactic treatment with DCm-GL261-RNA. At time of tumor challenge,
CD8a+ T cells were depleted by intraperitoneal injection of the YTS169 anti-CD8a mAb. Animals that were not CD8a-
depleted were used as controls (a) Survival data from pooled experiments are shown for untreated mice (m, solid line,
n = 8), CD8a-depleted mice (m, dashed line, n = 8), vaccinated mice (e, solid line, n = 7) and mice that received
vaccination and were CD8a-depleted (e, dashed line, n = 7). Overall Logrank p < 0.0001. Arrows on graph indicate
timing of administration of the anti-CD8a mAb. (b) Draining lymph node cells were analysed for CD8a and CD25
expression 7 days after tumor challenge in non-depleted (left) and CD8a-depleted mice (right). Numbers on dotplots

indicate relative cell fractions in respective quadrants. A lymphocyte gate was set for the analysis.
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Figure 13. In vivo depletion of CD25+ cells is protective against subsequent tumor challenge and is dominant to DC
vaccination.

In order to eliminate CD25+ Treg in vivo, mice received a single intraperitoneal administration of the anti-CD25 mAb
PC61, one week before treatment with DCm-GL261-RNA.Kaplan-Meier graph from pooled experiments depicting
survival of untreated mice (m, solid line, n = 11), CD25-depleted mice (m, dashed line, n = 7), DCmM-GL261-RNA
vaccinated mice (e, solid line, n = 7) and mice treated with CD25 depletion and DCm-GL261-RNA vaccination (e,

dashed line, n = 6). Overall Logrank p < 0.001.

% CD25+ blood day 4 day 10
lymphocytes before TC post TC
naive 2.38+x0.13 257 +0.02
TC na 1.85+0.05

aCD25+ TC | 0.80£0.04 () | 2.48+0.03

DC + TC | 3.68+0.29 (™) | 3.410.11 (™)

aCD25+DC+TC | 1.26+0.10(™ 2.58 +0.08

Table 3. Monitoring of CD25 on circulating lymphocytes. In blood samples obtained 4 days before and 10 days after
tumor challenge, the expression of CD25 was analyzed on lymphocytes. Results are shown as mean + SEM (for each

experimental group, n =5). Percent of CD25-expression was calculated by gating on lymphocytes (na = non applicable).
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6.5. DC vaccination but not prophylactic depletion of CD25+ lymphocytes induces long-lasting

antitumor immunity

Intracranial re-challenge of long-term survivors after first tumor challenge revealed that initial
depletion of CD25+ T cells was not sufficient to maintain immunological protection since the
median survival of 19.5 days after re-challenge in these mice was comparable with median survival
of untreated animals upon first challenge and since all of these animals also died (Figure 14). On
the other hand, anti-CD25 treatment with DCm-GL261-RNA vaccination resulted in protection of
50 % of the animals (3 out of 6) and median survival was significantly prolonged (63.5 days versus
21 days for untreated animals, p < 0.01). Similarly, 3 out of 7 long-term surviving mice that
received only DCm-GL261-RNA vaccination before primary challenge were also protected (median

survival of 54 days, p < 0.001 compared with untreated mice).
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Figure 14. DC vaccination but not anti-CD25 treatment induces persistent immunological protection against
intracranial glioma challenge.

Long-term surviving mice after a primary tumor challenge were re-challenged orthotopically with GL261 glioma cells.
Kaplan-Meier curve depicts survival of animals that were initially (before primary tumor challenge) treated with anti-
CD25 alone (A, n = 4), vaccination alone (®, n = 7) or anti-CD25 in combination with DCm-GL261-RNA vaccination ( 'V,

n = 6). Untreated control mice are also depicted (m, dashed line, n = 16). Overall Logrank p < 0.001.
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6.6. Study of brain-infiltrating cells in glioma-bearing animals

6.6.1. Lymphocyte infiltration in the brain of DC and anti-CD25 treated mice, induction of

memory T cells and enhancement of CTL activity by anti-CD25 treatment

Brain-infiltrating lymphocytes were analysed by flowcytometry 14 days after tumor challenge.
Total lymphocytes (Figure 15a) were significantly increased by anti-CD25 treatment, vaccination
and combined treatment compared with untreated tumor challenged animals. Detailed analysis of
CD4+ and CD8+ lymphocyte subpopulations was performed (Table 4). Tumor-bearing mice
exhibited increased numbers of both CD4+ effector, Treg and CD8+ lymphocytes compared with
naive animals, although not significant. Separate treatment with either anti-CD25 or DCm-GL261-
RNA vaccination alone further boosted the influx of all abovementioned subpopulations (except
for Treg in anti-CD25 treated mice) with a significant increase in CD25+CD8+ T cells. Combination
therapy resulted in a significant upregulation of both CD4+ effector and Treg, but not CD8+ T cells
compared with untreated animals. In comparison with anti-CD25 treatment only, combined
treatment vyielded a significant higher influx of CD4+CD25+Foxp3- and Treg. Compared with
vaccination only, solely the CD4+CD25+Foxp3- subpopulation was significantly increased in the
combined treatment group.

Analysis of the expression of CD62L (L-selectin) as memory T cell marker on brain-infiltrating
lymphocytes (Figures 15b-c) revealed that DCm-GL261-RNA vaccination in combination with anti-
CD25 treatment resulted in a significant increase of CD4+CD62L"° cells (430 + 0.66 x 10°)
compared with untreated mice (1.39 + 0.23 x 10°, p < 0.001, n = 6) and mice that received
vaccination only (2.09 + 0.41 x 10, p < 0.01, n = 6). Depletion of CD25+ cells only resulted in a
higher influx of CD4+CD62L" cells (3.08 £ 0.26 x 10°, p < 0.05, n = 6) compared with mice that were
left untreated. When CD8+CD62L" cells were considered, a significant increase was noted in mice
that received vaccination alone (1.46  0.15 x 10°, p < 0.01, n = 6) and combined treatment (1.26 +

0.17 x 10°, p < 0.05, n = 6) compared with untreated mice (4.69 + 1.43 x 10*, n = 6).
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Figure 15. Treatment with DC and/or anti-CD25 mAb leads to infiltration of lymphocytes into the brain and the
induction of immunological memory in CD8+ and CD4+ T cells respectively

Fourteen days after tumor challenge, mice were sacrificed and brain-infiltrating lymphocytes were isolated as
described. Mice were either left untreated (TC) or received treatment with either anti-CD25 (aCD25 + TC), DCm-
GL261-RNA (DC + TC) or combined treatment (aCD25 + DC + TC). As a control, naive littermates were analysed.
Individual data from three independent experiments are pooled and are represented as mean absolute cell numbers +
SEM. For statistical analysis, treatment groups were compared with untreated animals. (a) Absolute numbers of total
brain-infiltrating lymphocytes (million cells per mouse). CD62L" cells were considered as memory T lymphocytes. The
expression of CD62L was monitored on both CD4+ (b) and CD8+ lymphocytes (c). Results are represented as mean

absolute cell numbers + SEM. Overall ANOVA p < 0.01 for both CD4+ and CD8+ T cells.

CD4+CD25- | CD4+CD25+ | CD4+CD25+
(x107) Foxp3- (x10%) | Foxp3+ (x10%)
naive 9.47 0.04 0.22
(n=6) +1.21 + 0.01 +0.11
untreated 19.5 2.39 19.9
(n=8) + 2.37 + 0.70 +7.10
aCD25 53.4 6.10 11.2
(n=10) +14.9 + 0.92 +2.26
DC 38.5 7.02 28.2
(n=10) +4.76 +1.45 + 5.66
acD25 + 61.9 18.2 43.9
DC(n=9) | £5.22 () | £4.71() | £5.38 ()

Table 4. Characterization of brain-infiltrating lymphocytes.

Brain-infiltrating lymphocytes were isolated from naive, untreated, anti-CD25 treated, vaccinated and vaccinated +
anti-CD25-treated mice 14 days post tumor challenge. Within the CD4+ population, CD25- and CD25+FoxP3- effector
cells and CD25+Foxp3+ Treg were assessed. For CD8+ T cells, CD25- and CD25+ cells were discriminated. Significant
differences between experimental groups and untreated animals are indicated between brackets. Significant
differences between combined treatment and anti-CD25 treatment or vaccination only are highlighted by underlined
and italic numbers respectively. Individual data from three independent experiments are pooled and are represented

as mean absolute cell numbers + SEM.
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The functionality of the brain-infiltrating cells was addressed ex vivo by co-culturing sorted CD11b+
myeloid cells or CD11b- lymphoid cells as effector cells with target tumor cells. After two days of
co-culture, GL261 target cell viability (Figure 16) was reduced by co-culture with CD11b- effector
cells from anti-CD25 treated (OD 0.07 + 0.02, p < 0.001), vaccinated mice (OD 0.36 + 0.01, p < 0.05)
and mice that received combined treatment (OD 0.11 + 0.03, p < 0.001) compared with untreated

animals (OD 0.59 + 0.04). No effect on LLC target cell viability was noted.
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Figure 16. Specific antitumor cytotoxicity of brain-infiltrating lymphocytes by prophylactic DC vaccination and/or in
vivo depletion of Treg

Sorted CD11b- brain-infiltrating cells were used as effector cells in an in vitro tumor cell cytotoxicity assay. Effector
and target cells were co-cultured for 48 h at an effector to target ratio of 10:1. As target cells, either GL262 glioma or
LLC cells were used. Optical density (OD) is depicted as measurement for target cell viability. Data are from repeated

measurements in one assay on pooled samples. For each group, n = 6. ns = not significant.
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6.6.2. Anti-CD25 treatment but not DC vaccination leads to myeloid cell infiltration into the

brain of tumor-bearing mice

Strikingly, anti-CD25 treatment resulted in a massive increase of brain-infiltrating myeloid cells
compared with untreated animals (9.14 + 2.88 x 10° versus 1.26 + 0.36 x 10°, p < 0.05) but this was
not observed in DC-treated mice (2.26 + 1.04 x 10°) nor mice that receive combined treatment
(3.30 + 0.95 x 10°). Further characterization of this cell population was performed both with
flowcytometry and morphologic analysis on cytospins. The proportion of F4/80" macrophages
among CD45"CD11b+ myeloid cells (Figure 17a-b) was increased both in mice that were anti-
CD25-treated (88.1 + 2.37 %, p < 0.05, n = 8) and mice that received combined treatment (91.4
2.58 %, p < 0.05, n = 8) compared with untreated tumor challenged animals (77.9 + 1.10 %, n = 6).
Only in untreated mice, a higher influx (0.31 £ 0.06 x 10°, p<0.05) of Gr-1+CD45"CD11b+ MDSC
was noted compared with naive animals (0.03  0.01 x 10°). However, in absolute numbers, only
anti-CD25-treatment lead to an increased infiltration of F4/80"CD45"CD11b+ macrophages
compared with untreated animals (1.83 + 0.31 x 10° versus 0.42 + 0.21 x 10° p < 0.01). These
results were confirmed by cell counting on cytospins (Figure 17c-d) revealing higher macrophage
counts in anti-CD25 treated mice (9.47 + 0.95 cells / FOV, p < 0.001, n = 8) and mice that receive
combined treatment (7.20 £ 0.70 cells / FOV, p < 0.01, n = 8) compared with untreated mice (2.92
+ 0.38 cells / FOV, n = 6). When granulocytes were considered, only anti-CD25 treatment induced
a significant higher influx (8.93 + 1.35 cells / FOV, p < 0.01, n = 8) compared with untreated mice
(4.42 £ 0.61 cells / FOV, n = 6). Virtually all granulocytes were identified as neutrophils (data not

shown).
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Figure 17. Profiling of infiltrating myeloid cells in glioma bearing mice

(a) Representative FSC-SSC, CD11b-CD45 dotplot images and Gr-1 and F4/80 histograms for each experimental group.
Lymphocyte (red), myeloid cell (green) and microglia (blue) subpopulations were identified. (b) Fraction of F4/80hi
macrophages within CD45"CD11b+ myeloid cells.

(c) Representative cytospin images (May-Griinwald Giemsa staining) for each experimental group.

(d) Absolute numbers of macrophages (+ SEM) per field of view (FOV). For each individual animal, five counts were

taken into account.
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6.7. Discussion

In accordance with recently published data by Grauer et al. (98), we have shown that CD8+ T cells
are involved both in the endogenous and the vaccine-induced antitumor immune response. When
CD8+ T cells were depleted at the time of tumor challenge, immunological protection by DC
immunization was completely abolished and all animals died. However, the median survival of
DCm-GL261-RNA treated CD8-depleted mice was still significantly longer as compared with the
untreated CD8-depleted mice. This indicates that DC immunotherapy is not solely acting through
CD8+ T cells. Experiments in which both CD4+ and CD8+ T cells were depleted in the context of
experimental glioma confirmed that CD4+ T cells are required for both the initiation and effector
phase of the immune response, whilst the role of CD8+ T cells was most prominent in the effector
phase of the antitumor response (98). Other key players such as NK cells and NK-T cells might be
likewise activated by this kind of DC treatment (212-214). In our hands, a minor fraction of the ex
vivo differentiated DC from bone marrow progenitor cells that were used for immunization,
showed low expression of CD8a. Hence, this CD8a+ DC subpopulation is prone to in vivo
elimination by the injection of anti-CD8a mAb. The functional consequences of this are not clear.
The CD8aa homodimer has been regarded as a cell lineage marker rather than a molecule that
could contribute to functional differences between (CD8a‘) lymphoid and (CD8a’) myeloid DC
(215). However, Hong et al. recently published that expression of CD8a on BM-derived DC may
play a functional role in enhancement of T cell activation (216). In the context of DC vaccination,
attempts to increase CD8 T cell activation by boosting co-stimulatory signals, could be highly
beneficial to the potency of the final antitumor effect. It might be of special interest to stimulate
4-1BB on CD8+ T cells, an important T cell costimulator receptor that promotes the survival and
expansion of activated T cells. This can be achieved through administration of an agonistic mAb or
multivalent aptamers with an even superior avidity and specificity to mAb, as recently described
by McNamara et al. (217).

We noted that a single injection of a CD25-depleting mAb induces a transient decrease of
CD4+CD25+FoxP3+ Treg activity, which is sufficient to completely protect animals from
subsequent intracranial tumor challenge. This attributes a dominant role to Treg in our
experimental glioma model. A direct effect of anti-CD25 on GL261 cells was excluded and this is in
accordance with recent findings by Curtin et al (95). These authors also demonstrated that the

efficiency of Treg depletion in a curative setting is dependent on the tumor burden, since systemic
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administration of PC61 had a beneficial effect on survival if applied 15 days after tumor challenge
but no longer when given on day 24 post tumor challenge. Other investigators have found that
curative DC-based immunotherapy in the GL261 model is efficient only if CD25-expressing Treg are
first depleted (207).

The crucial role of Treg in the progression of glioma and other types of cancer and the impact
thereof on immunotherapy has been documented extensively both in humans and in experimental
rodent models by many groups throughout the last years (218-220). For an excellent review on
this subject, we refer to the work of Zou (88). Recent evidence is arising that anti-CD25 treatment
with the PC61 mAb does not result in a genuine depletion of Treg but rather a functional
inactivation of naive CD69" Treg with rapid internalization and shedding of the IL-2Ra unit (221).
Considerable caution should be taken when CD25 expression on CD4+ T cells is used to monitor
Treg kinetics. Hence, in this study, only FoxP3+ cells were considered as the true Treg population.
In our experiments, restoration of CD25 expression in CD4+ splenocytes by DC vaccination after
initial CD25 depletion was concomitant with an increase in FoxP3 expression. This suggests that DC
treatment is capable of inducing Treg cells, besides its beneficial influence on the effector arm of
cellular immunity. It remains an open question whether these FoxP3 expressing cells are true
functional Treg with in vivo suppressive capacity, since all animals that received combined
treatment were long-term survivors from primary tumor challenge. The study of Treg infiltration in
glioma bearing albino C57BL/6 mice, allowing assessment of tumor progression with in vivo BLI,
could be of high value to differentiate complete responders to DC treatment from partially and
non-responding mice. From re-challenge experiments, we conclude that treatment with DCm-
GL261-RNA is capable of inducing immunological memory against the tumor, since animals that
initially received combined treatment (consisting of CD25 depletion and DCm-GL261-RNA
vaccination) or survived after treatment with DCm-GL261-RNA alone, displayed a prolonged
survival and were again partially protected against tumor challenge. To our view, the observed
early and also late immunological protection against glioma challenge clearly demonstrates the
efficiency of immunization with DC. On the other hand, mice that received anti-CD25 treatment
only were not protected upon re-challenge. So either the vaccine-induced FoxP3-expressing
CD4+CD25+ cells are non-functional Treg, which is unlikely, or the balance between
immunogenicity and tolerance is again sufficiently tilted towards the former at a later time point
(day 60). The local inflammatory environment might also downregulate Treg functionality and this

can be partially mediated by IL-6 producing DC (222,223). Jouanneau et al. reported recently that
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lysate-loaded DC are essential for priming but insufficient for maintaining antitumor immune
responses in the GL261 model, since late tumor relapses were observed, finally resulting in the
complete protection of only 20 percent of treated mice (224). We did not observe late tumor
relapses but it should be noted that the DC immunisation procedure or even the DC themselves
that were used this study were perhaps suboptimal. Moreover, enhancing the stringency of the
experimental system (e.g. by implanting more tumor cells) could reduce the effectiveness of Treg
depletion and potentially reveal a more prominent role for DC vaccination. Van Meirvenne et al.
elegantly demonstrated that in vivo depletion of Treg enhanced both the primary and memory CTL
response elicited by mRNA-loaded DC in an ovalbumin-specific tumor model (225). Grauer et al.
recently reported that Treg elimination by anti-CD25 treatment is essential to eradicate
established glioma by vaccination with tumor lysate-pulsed DC (99). In our hands, DCm-GL261-
RNA vaccination alone was sufficient for the induction of immunological protection and memory in
about half of the mice, whilst all of the anti-CD25 treated mice survived but were not longer
protected upon re-challenge. Hence, in the aforementioned setting, our data support a combined
immunotherapeutic treatment consisting of Treg depletion and DCm-GL261-RNA vaccination for
the induction of an optimal antitumor immune response.

Since systemic monitoring of immune reactions within the brain represents an artificial readout
that can only partially reflect local events, we opted for genuine in situ investigation of brain-
infiltrating cells. Taken together, we observed that both CD25 depletion, DCm-GL261-RNA
vaccination and combined treatment before challenge with GL261 tumor cells resulted in a
pronounced lymphocyte infiltration into the brain. Effector lymphocytes, encompassing both
CD4+CD25- and CD4+CD25+FoxP3- and CD8+ T cells were more numerous both after anti-CD25
treatment, vaccination and combined treatment. Combined treatment clearly expanded Treg,
which is in concordance with the abovementioned systemic monitoring data. In this regard, time
kinetics could provide useful information regarding the expansion and/or reduction in infiltrating
lymphocytes but this was beyond the scope of this study. Here, we provide evidence that the
CD11b- lymphocyte fraction of the brain-infiltrating cells contained the real cytotoxic effector
cells. The function of the latter cells is clearly enhanced by prophylactic Treg depletion.

Mice that were treated with either DCm-GL261-RNA alone or DCm-GL261-RNA together with anti-
CD25 treatment clearly displayed a higher number of CD8+CD62L"° lymphocytes, whereas
CD4+CD62L"° lymphocytes were rather increased by anti-CD25 and combined treatment. This shift

towards induction of immunological memory correlates with the initially vaccinated mice being
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partially protected against intracranial re-challenge, even without CD25 depletion. The increase in
absolute numbers of infiltrating CD8+ lymphocytes by DCm-GL261-RNA treatment and the
concomitant memory-like phenotype of these cells further illustrates their involvement in the
vaccine-mediated antitumor immune response, as already evidenced by previously mentioned in
vivo CD8 co-depletion experiments.

Although we first of all focused on T cells in our model, a pronounced infiltration of myeloid cells
was noticed in the brain of glioma-bearing mice, in particular in those animals that received anti-
CD25-treatment. Since myeloid cells represent an extremely heterogeneous pool of cells, we
attempted to further identify those cells. At present, a vast body of research is dedicated to
unravel the role of myeloid cells in the context of tumor immunology. Although terminology is still
inadequate, myeloid cells infiltrating the tumor microenvironment are mostly regarded as cells
with protumoral activity (102-110). In our model, these infiltrating myeloid cells do not correspond
with the phenotype of Gr-1+ MDSC but can rather be classified as F4/80 expressing macrophages
and granulocytes. These cells were most prominent in mice that received anti-CD25-treatment
and since all of those animals were protected from primary glioma challenge, we argue against the
classification of these cells as TAM. Further investigation is therefore required to establish a more
complete profile of the infiltrating macrophages in anti-CD25-treated mice that to our view have a
beneficial effect on tumor immunity. These cells therefore more likely correspond to so-called
‘classic’ M1 macrophages that display a MHC", 1L-12" 1L-23" and IL-10" phenotype and are
beneficial to tumor immunity through the production of ROS, N-intermediates and inflammatory
cytokines (108,109).

It is still unclear how anti-CD25 treatment facilitates the influx of these myeloid cells (which
cytokine and chemokine cues might be involved), whether they have the capacity to really
establish tumor cell clearance and why their effect lasts only temporarily. Immunization with DC
does not result in such a pronounced myeloid cell infiltration which is suggestive for separate
mechanisms leading to immunological protection against glioma.

To our view, this is the first report mentioning a possible link between depletion of CD25-
expressing lymphocytes through in vivo administration of the mAb PC61 and infiltration of myeloid

cells into the tumor microenvironment.
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Chapter 7. General discussion and future perspectives

Although malignant glioma today still represent a major hurdle in clinical oncology, optimistic
voices can be heard on new experimental therapies for this pathology. The basic concept of cancer
immunotherapy is not new, but is therefore not less promising. It is only in the last decade that
fundamental mechanisms regulating tumor immunity on the one hand and tolerance on the other
hand are being unravelled, thereby opening new therapeutic perspectives. It is now becoming
clear that manipulating one single aspect of glioma immunology will never represent the magic
bullet. Therefore, we favour a combination of different immunotherapeutic strategies, in an
attempt to boost innate and adaptive antitumor immunity, while simultaneously reducing
immunosuppression.

In the experimental work presented here, we implemented step-by-step the concept of active
glioma immunotherapy with RNA-loaded DC. The rationale of loading DC with total RNA from
tumoral origin is to provide DC immunotherapy for those glioma patients whose resected tumor
material is insufficient to make a lysate for loading DC. Indeed, mRNA can be amplified in vitro.
Initially, we focused on testing murine DC electroporated with total RNA from a glioma cell line in
an experimental in vitro design. The data obtained from these in vitro stimulation experiments
confirmed that DC loaded with tumor antigens as a result of RNA-electroporation, are capable of
inducing a T cell mediated antitumor immune response. These results are in correlation with
previously published preclinical data from our group and others (58,76). Considering potential
translation to a clinical setting, we conclude that it is not worthwile to go through the labour-
intensive and costly process of in vitro tumor mRNA amplification, except for those patients whose
amount of resected tumor material is insufficient. Since in vitro systems only partially mimic the
complex tumor microenvironment and cell interactions in vivo, we endeavoured to validate our
findings in an experimental mouse glioma model. After all, it is our ambition that novel insights in
glioma immunology eventually find their way to oncologic practice. Prophylactic immunization
with DC loaded with glioma-derived RNA was sufficient to protect nearly half of the treated
animals from subsequent orthotopic glioma challenge. Why the other mice were not protected is
still not completely understood. Longitudinal imaging studies of tumor-bearing mice revealed that
within the animals that eventually succumb, a distinct pattern of non-responding and partially
responding mice can be identified. We hypothesize that there is a very delicate balance between

antitumor immune responses on the one hand (either endogenous or induced or boosted by the
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DC vaccine) and natural and tumor-induced immunosuppression on the other hand. In responding
mice, it is apparent that treatment with DC shifts this balance towards immunity (away from
tolerance), resulting in tumor protection. In contrast, in mice refractory to DC-vaccination, it is
likely that DC actually induce or expand immunosuppressive Treg. Moreover, these data provided
a rationale to investigate in depth the mode of action of DC-treatment and to implement
strategies that are aimed at lowering the detrimental immunosuppression induced by Treg.

Generating an immune response against a complex malignant entity such as GBM with its many
escape mechanisms is not at all a straightforward process, not in humans and neither in
experimental glioma. In our model, we have shown that active immunization with DC is at least
partially effective through the induction of cytotoxic antitumor CD8+ T cells (Figure 18). Other
immune effector cells are likely to be involved as well, as demonstrated in many tumor models
(37,38). In vivo administration of a CD25-targeting mAb, a commonly used Treg depletion tool in
mice, had a vast impact in our model. Firstly, prophylactic depletion of Treg enhanced the activity
of cytotoxic effector cells and proved to be sufficient for immunological protection against
intracranial glioma. However, for long-term immunity to become established, immunization with
DC was indispensable. Translated to clinical practice, elimination of Treg by anti-CD25-treatment
or other means seems to represent a powerful weapon in the fight against cancer, but is
unfortunately not the ultimate tool in cancer immunotherapy after all (226-229). One should also
keep in mind that prolonged depletion of Treg is not feasible due to the risk of eliciting
autoimmune disease. Pilot data on the use of ONTAK  (a fusion protein of diphtheria toxin and
human IL-2) and cyclophosphamide to downregulate Treg in human cancer immunotherapy seem
very promising although conflicting data are arising (230-232). Moreover, not only Treg are
eliminated by anti-CD25 treatment, but also IL-2-dependent CD4+ helper T cells and proliferating
CD8+ lymphocytes can be affected (95). CTLA-4, a negative regulator of endogenous and vaccine-
induced antitumor immunity, represents another good selective target in cancer immunotherapy.
It has been shown in metastatic melanoma patients that sequential infusions of anti-CTLA-4 mAb
after DC-vaccination generate a clinically meaningful antitumor immunity without grade 3 or grade
4 toxicity (233). Secondly, we noted that anti-CD25-treatment but not immunization with DC
resulted in an unexpected and pronounced infiltration of myeloid cells, including macrophages
and granulocytes (Figure 18). In sharp contrast with current literature on TAM and MDSC, these
cells do not seem to hinder tumor rejection in our model, but might on the contrary be genuine

tumoricidal innate immune cells. We hypothesize that due to the transient depletion of Treg by
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anti-CD25-treatment, the macrophages within the pool of myeloid cells maintain a pro-immune
M1-phenotype rather than being transformed in immunosuppressive TAM. Future research will
focus on the functional status of these myeloid cell infiltrates (i) to define whether they are pro-
immune or rather immunosuppressive and (ii) to investigate the mechanisms governing transition
from one phenotype to the other. It is beyond the scope of this work to clarify the mechanism
between anti-CD25-treatment and myeloid cell infiltration, but this certainly represents an
intriguing finding, warranting further exploration.

Implementing optical imaging in our experimental glioma model resulted in a more extensive
characterization of GL261 glioma behaviour in vivo, demonstrating midline crossing and leakage of
tumor cells along with the observed initial tumor cell adaptation phase. Together with the distinct
response patterns to DC immunotherapy, this kind of information, available in real-time, can be of
particular importance to guide therapeutic interventions in this model.

From a clinical point of view, we believe that DC-based immunotherapy should be incorporated in
the multimodal treatment for malignant glioma, even for primary tumors. Autologous DC therapy
(in which monocyte-derived DC are loaded with total lysate from the patients’ own tumor) is
under investigation by our research group in a cohort-comparison phase I/l clinical trial for newly
diagnosed and relapsed GBM respectively. So far, postoperative adjuvant DC vaccination in more
than 150 patients with relapsed HGG yields interesting long-term results with nearly 25 percent
two-year survivors after vaccination which compares favourably to any other study in recurrent
HGG thusfar (59). For newly diagnosed GBM, we are currently assessing the integration of DC
vaccination into the conventional postoperative radiochemotherapy regimen.

In conclusion, we put forward that the most optimal immunological response against experimental
malignant glioma — and likely many other tumors — can be achieved by enhancing immunity
through active immunization on the one hand and by decreasing immunosuppression on the other
hand. Recently, Weiner stated that for cancer immunotherapy in general, the destination is not
yet at hand, but in sight (132). No matter how, in the upcoming years, we will witness its real
showdown. In the meantime, it is only the continuation of joint research efforts that might shed
light on some of the many black boxes in tumor immunology. We, from our part, are determined
that the outcome for GBM patients still can be significantly improved, hopefully leading to a
meaningful prolongation of life with maintenance of a good quality of life. For some patients at
least, translation of the experimental findings of this study, might represent a substantial

therapeutic benefit.
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Figure 18. Local immune interactions in the tumor micro-environment of glioma-bearing mice.

(1) RNA-loaded DCm are injected intraperitoneally and migrate to the secondary lymphoid organs (such as dLN). (2) Interactions between DC on the one hand and CD8 and CD4 T cells, NK cells and NKT cells on the other hand
result in an antitumor immune response, which is however counteracted by several immunosuppressive mechanisms. Both intrinsic tolerogenic mechanisms, Treg and suppression by innate immune cells such as tumor-
associated macrophages (TAM) and myeloid-derived suppressor cells (MDSC) maintain or restore tumor tolerance. Glioma are capable of evading immune surveillance through the secretion of various immunosuppressive
factors and cytokines such as PGE,, IL-10, IL-6, TGF-B and VEGF. Moreover, glioma evade interactions with effector cells and escape NK cell killing and induction of apoptosis. Expression of PD-L1, Gal-1, STAT-3, IDO, iNOS and

Argl by tumor cells also contribute to immune escape. (3) Treatment with anti-CD25 mAb temporarily lowers Treg activity and leads to a massive infiltration of myeloid cells that do not correspond to TAM nor MDSC.



Summary

Despite advances in surgery, chemo- and radiotherapy for malignant glioma, prognosis for
patients with this type of aggressive cancer still remains dismal. Hence, new therapeutic options
are absolutely required. We investigated active immunization against malignant glioma based on
tumor antigen-loaded dendritic cells (DC) in a preclinical mouse model. In the experimental work
presented here, we demonstrate that murine DC can be efficiently loaded with tumor-derived
total RNA and that these cells can induce specific antitumor cytotoxic T cells in vitro. Moreover,
when prophylactically administered in vivo in an experimental mouse glioma model, RNA-loaded
DC protect against intracranial tumor growth in half of the treated animals. Distinct response
patterns to DC immunotherapy were clearly revealed by implementing in vivo bioluminescence
imaging (BLI) in our model. This induced immune response is tumor-specific and at least partially
mediated by CD8+ T cells. To lower the effect of immunosuppressive CD25-expressing regulatory
T cells (Treg) that might compromise antitumor immunity, the mice were injected with an anti-
CD25 depleting monoclonal antibody. Strikingly, anti-CD25 treatment rescued all of the treated
mice from primary glioma challenge. For long-term immunological protection however, anti-CD25
treatment alone was not sufficient and immunization with DC was required. Both treatments
resulted in a pronounced lymphocyte infiltration into the brain of tumor-bearing mice. Both CD4+
and CD8+ effector and memory T cells were retrieved locally and anti-CD25 treatment enhanced
the cytotoxic activity of effector T cells. Besides effector T cells, counteracting Treg were also
expanded by vaccination with DC. Unexpectedly, anti-CD25 treatment but not immunization with
DC led to local recruitment of myeloid cells in the brain of tumor-bearing mice. These cells
displayed a mixed phenotype of macrophages and granulocytes and could not be classified as Gr-
1+ myeloid-derived suppressor cells. To our view, these recruited macrophages do not resemble
immunosuppressive tumor-associated macrophages but rather represent M1 macrophages with a
pro-immune function. Further investigation with regard to the functionality of these cells and
their relationship with Treg is therefore warranted. Taken together, we validated immunotherapy
with RNA-loaded DC in an experimental glioma model and dissected some of the major
mechanisms governing antitumor immunity and immunosuppression. We strongly emphasize the
translational aspect of our research, finally aiming at improving the therapeutic outcome of GBM

patients.

95






Samenvatting

De prognose voor patiénten met maligne glioma blijft bijzonder slecht ondanks aanzienlijke
vooruitgang in chirurgische technieken, chemo- en radiotherapie. Er is bijgevolg een absolute
nood aan nieuwe therapeutische invalshoeken. In deze studie hebben wij in een experimenteel
muismodel het concept onderzocht van aktieve immunisatie tegen maligne glioma op basis van
dendritische cellen (DC) die beladen worden met tumorantigenen. De resultaten uit dit
experimenteel werk tonen aan dat muis DC op een efficiénte manier kunnen opgeladen worden
met totaal RNA van tumorale oorsprong en dat deze DC specifieke antitumorale cytotoxische T
cellen kunnen induceren in vitro. Het preventief toedienen van deze cellen in vivo in een
experimenteel muis gliomamodel is bovendien voldoende om de helft van de dieren te
beschermen tegen intracraniéle tumorgroei. Implementatie van in vivo bioluminescentie in ons
model maakte het mogelijk om verschillende responstypes ten opzichte van DC vaccinatie te
onderscheiden. Deze immuunrespons is tumorspecifiek en op zijn minst deels gemedieerd door
CD8+ T cellen. Om het effect van immuunsuppressieve CD25+ regulatoire T cellen (Treg) — die het
opwekken van antitumorale immuniteit kunnen belemmeren — tegen te gaan werden de muizen
geinjecteerd met een anti-CD25 depleterend antilichaam. Alle anti-CD25 behandelde dieren
bleken beschermd tegen daaropvolgende ‘challenge’ met glioma tumorcellen. Voor protectie op
lange termijn was anti-CD25 behandeling alleen niet voldoende en was immunisatie met DC
noodzakelijk. Beide behandelingen resulteerden in een aanzienlijke infiltratie van lymfocyten in de
hersenen van dieren met glioma implantatie. Zowel CD4+ als CD8+ effector en geheugencellen
waren aanwezig in dit infiltraat en anti-CD25 behandeling verhoogde bovendien de cytotoxische
aktiviteit van de effector T cellen. Naast effectorcellen werden ook Treg geéxpandeerd door
vaccinatie met DC. Onverwachts resulteerde anti-CD25 behandeling maar niet immunisatie met
DC in de lokale aantrekking van myeloide cellen naar de hersenen van dieren met intracranieel
glioma. Deze cellen presenteerden zich als macrofagen en granulocyten en konden niet als Gr-1+
myeloide suppressor cellen beschouwd worden. Wij menen dat deze gerecruteerde cellen
evenmin als tumorgeassocieerde macrofagen kunnen gezien worden maar eerder antitumorale
M1 macrofagen zijn. Verder onderzoek naar de functionaliteit van deze cellen en hun verband met
Treg is daarom absoluut noodzakelijk. Samengevat hebben wij in deze studie immunotherapie met
RNA-beladen DC gevalideerd in een experimenteel glioma model en enkele belangrijke

mechanismen ontrafeld inzake antitumorale immuniteit en immuunsuppressie. In het bijzonder
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willen we het translationeel aspect van dit onderzoek benadrukken met als finaal doel het

verbeteren van de prognose van gliomapatiénten.
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