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General discussion

“What in science can be proven, should not be accepted without proof”.

—Richard Dedekind, 1831–1916 (Mathematician)
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Overview
The therapeutic management of primary malignant brain tumors such as glioblas-
toma (GBM) remains problematic. Current standard-of-care, surgery and com-
bined radio- and chemotherapy, cannot counter the massively invasive growth of
GBM [1, 2]. Moreover, it has become clear that GBM is very heterogeneous, not
only in a patient population, but also in an individual tumor [3–8]. Intrinsic or
acquired resistance to therapy and the blood–brain barrier (BBB), which inhibits
adequate drug delivery, contribute to the difficulty of treating patients [9, 10].
These major obstacles make GBM a devastating disease with an extremely poor
prognosis, especially for patients with the most aggressive variants. Novel thera-
peutic interventions are needed to successfully eradicate this tumor type.

In this thesis, we explored several strategies to use gene therapy vectors for the
treatment of GBM, particularly focusing on adeno-associated virus (AAV) as a de-
livery vehicle for secreted, soluble tumor necrosis factor-related apoptosis inducing
ligand (sTRAIL) as a transgenemodel (chapters2 and3). Theblood–brain barrier
remains a major obstacle in the treatment of all brain-related diseases, and we
found that gender affects the transduction of cells in themouse brain after systemic
injection of AAV serotype 9 (chapter 4), which is an important aspect for the
clinical translation of this type of gene therapy. During AAV production, a fraction
of AAV is associated with extracellular vesicles (EVs). In chapter 5 we evaluated
EV-associated AAVs as a novel method of achieving AAV-mediated transduction in
the brain, as well as its enhanced immune-evading properties compared to ‘naked’
AAV. Tumors exploit EV-mediated intercellular communication and interactions
with platelets in themicroenvironment to support their growth andmetastasis. We
attempted to visualize the involvement of platelets and their EVs in host–tumor
communication in GBM (chapter 6).

Resistance to therapy
Intrinsic or acquired resistance to therapy is a major problem in the management
of cancer in general [9]. Although TRAIL can induce apoptosis in a broad range of
cancer cells, some types of cancer, includingGBM, showvarying levels of resistance
to TRAIL-induced cell death [11, 12]. We have previously shown that the cardiac
glycoside lanatoside C can sensitize GBM cells to TRAIL therapy in vitro and in
a subcutaneous GBM mouse model [13]. In chapter 2, we further explored the
TRAIL-sensitizing properties of lanatoside C in an orthotopic xenograft mouse
model using U87 GBM cells. We showed that U87 cells hardly respond to the
treatment with TRAILmonotherapy, but the addition of lanatoside C can be used
to sensitize these cells toTRAIL, causing adecrease in tumor volume. Furthermore,
after discontinuing lanatoside C, tumors started to grow again, indicating resis-
tance to TRAIL, while re-challenging them with lanatoside C once again caused
a decrease in tumor size. In previous studies with lanatoside C we and others
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have found that inhibition of nuclear factor kappa B (NF-κB) was important for
TRAIL sensitization [13, 14] and many studies have linked high expression of NF-
κB to resistance to different therapies. Although this would suggest that NF-κB
inhibition is an interesting target, clinical trials have failed to show any benefit
combining several treatments with the inhibition of NF-κB [15]. So far, novel
therapies tested in clinical trials have not provided a significant benefit to the
survival of GBM patients. Therefore, improving efficacy of the current standard
of care, by sensitization of GBM to radiotherapy and temozolomide, also has great
clinical relevance [16, 17].

Adeno-associated virus as a gene therapy vector
AAV has shown great promise as a gene therapy vector in many preclinical models
and is currently explored in several clinical trials for a variety of diseases [18–20].
The excellent safety profile and gene delivery of AAV has already led to its approval
as a gene therapy for lipoprotein lipase deficiency [21, 22]. AAVserotype2 (AAV2)
is themost studied serotype so far, andhas been shown to be capable of transducing
neurons in the central nervous system (CNS).However, after intracranial injection,
transduction of AAV2 is limited to cells close to the needle tract [23]. Many
different AAV serotypes and hundreds of AAV variants have been discovered and
described, each with their own properties [24, 25]. Therefore, the choice of AAV
vector serotype is of great importance when deciding what cell or tissue type to be
transduced, because each serotype displays its own tropism and can thus be used
to target certain cell populations or tissues.

AAV.rh8 is one of the serotypes that shows a superior transduction profile
after intracranial injection compared to AAV2 [26]. In chapter 2, we used this
vector for the intracranial delivery of sTRAIL to the brain tumor milieu. In the
first set of experiments, we used a single injection at the same location as the tumor.
Histological analysis of brain slices showed thatGBMcells hadmigrated away from
the injection site where the highest dose of TRAIL is expected. We thus decided to
explore multiple injections of AAV-sTRAIL around the tumor site, however, GBM
cells were still able to migrate away from the primary tumor and therapeutic zone,
and were observed to havemigrated to the ventral side of the brain, suggesting that
the dorsal side had a higher dose of TRAIL capable of eradicating tumor cells. It is
conceivable that such an effect occurred due to the nature of intracranial injections.
Several different AAV vectors have been intracranially injected in the preclinical
evaluation of therapies for a range of diseases, including GBM, with some success
[27–30]. Nonetheless, our experiments in chapter 2 clearly showed that local
delivery of TRAIL (combined with lanatoside C) can combat the tumor bulk, but
a vector capable of widespread transduction in the brain is necessary to kill invasive
GBM cells.
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Overcoming the blood–brain barrier with AAV9
The brain is a highly vascularized organ, so a vector delivered intravenously could
be used to potentially achieve widespread transduction. However, the BBB poses
a significant problem in the treatment of diseases of the CNS. The BBB is formed
to prevent toxic substances and harmful biological agents from accessing the brain.
Many therapeutics including candidate cancer drugs cannot pass the BBB [10, 31].
A 2009 study found that AAV9 is able to cross the BBB and transduce cells in
the brain after intravenous injection, making this vector a great candidate for gene
therapy of the CNS [32]. AAV9 was used in chapter 3 to deliver transgenes to the
brain after intravenous injection. However, systemic administration allows a vector
to transduce all cells and tissue types in an organism, depending on the tropism of
the vector. Specifically, in addition to different cell types in the brain, AAV9 would
target the liver and heart with high efficiency after systemic injection [25].

In order to limit expression of AAV9 to the brain, we engineered vectors in
which the transgene is driven by the neuron-specific enolase (NSE) promoter
and compared it to the ubiquitously active hybrid cytomegalovirus/chicken beta-
actin (CBA) promoter (chapter 3). After intravenous injection of these vectors
encoding Firefly luciferase (Fluc) or green fluorescent protein (GFP) reporter,
no differences were observed in the brain-to-liver expression ratios. Expression
was lower with AAV9-NSE-GFP, both for the number of cells transduced and
the intensity of the GFP signal. This is most likely due to the fact that the NSE
promoter is a weaker promoter than the CBA promoter, which leads to lower
overall expression due to restricted promoter activity as well lower expression on
a per-cell level, in line with the results of others [33, 34]. Intravenous injection of
therapeutic AAV9 vectors encoding sTRAIL, driven by the CBA orNSE promoter,
resulted in a significantly improved survival of intracranial GBM-bearing mice,
compared to control vector, where AAV9-CBA-sTRAIL appeared to have a higher
efficacy though this was not significant. Importantly, we hypothesized that high
expression of TRAIL in the liver could result in liver toxicity, however, gross
analysis of H&E-stained liver sections revealed no differences between control or
therapeutic vectors.

Although it has been reported that TRAIL can be toxic to hepatocytes, parti-
cularly in the diseased liver [35, 36], this was not the case in this mouse study in
which no toxicity was observed. Nevertheless, preventing transgene expression in
non-target tissues such as the liver can be important in order to prevent immune
responses that can result in destruction of transduced cells in the liver, leading
to inflammation and inhibition of transgene expression [37, 38]. One method
of inhibiting expression in the liver while maintaining high transgene expression
in other tissues using a ubiquitous promoter could be the incorporation of liver-
specific microRNA-122 target sites in the 3’-untranslated region of an AAV vector,
thereby repressing transgene expression in the liver [39, 40].
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Gender differences after systemically administered AAV
In chapter 4, we showed that intravascularly-administered AAV9 is more efficient
in transducing the female brain than the male brain. We first observed this in mice
injected with AAV9 vectors encoding Fluc, where a higher Fluc signal was detected
in the head of female mice compared to males. This was consistent in two strains
of mice and using two different reporters – Fluc and GFP – and correlated with
a higher number of AAV genomes in the brains of female mice. In contrast, liver
expression of both transgenes as well as the number of AAV genomes was lower in
the abdomen/liver of females compared to males. This is in support of previous
studies that have shown lower liver transduction in female mice, although these
studies were performedwith different AAV serotypes and different injection routes
[41, 42]. Likewise, liver-directed gene transfer yielded disappointing results in
female nonhuman primates (NHP) but not inmales [43]. Another study reported
higher expressionofAAV9-Fluc in the lungs of femalemice compared tomales after
intratracheal delivery and long-termexpression, but in this study it did not correlate
with the number of vector genomes in lung tissue homogenates [44].

The reason for these differences between mice of both genders remains to
be elucidated, however, sex hormones such as testosterone or estrogen could be
involved. Administration of testosterone to female mice prior to gene transfer
increased gene expression in the liver to the levels that were observed in males,
while ovariectomy did not change gene expression [41]. This would suggest that
testosterone rather than estrogen is responsible for differential effects, but does
not explain our observation of increased AAV transduction in the brain of female
mice. These results underscore the importance of having equal numbers of both
genders in test groups for AAV-mediated gene therapy, at least in mice, and careful
interpretation of results is required when choosing one gender over the other.

Immune responses and neutralizing antibodies
Besides potential toxicity from the transgene itself, limiting expression in non-
target tissues like the liver can be essential to prevent an immune response. A
clinical trial conducted with AAV2 vectors encoding human factor IX for the
treatment of hemophilia B found that, after several weeks, vector-transduced he-
patocytes were being eliminated by the immune system [45]. In this case, the
AAV2 capsid rather than the wild type transgene was targeted, likely due to earlier
infection with AAV2 and subsequent induction of memory T cells. These effects
had not been observed in earlier preclinical studies with mice, dogs and monkeys,
where all experimental animals had long-term transgene expression after AAV-
mediated delivery [46, 47]. The difference in response between experimental
animals and humans is probably because of prior exposure to AAV2, as most
humans are naturally infected during childhood [48, 49]. Once humans are re-
exposed to AAV2, memory T cells are activated and eliminate the transduced cells
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containing AAV capsid. Our studies in chapters 2-4 were either performed in
immunocompromised mice (no functional T cell-mediated immunity) or short-
term in immunocompetent mice (maximum of 4 weeks), so no immune responses
or elimination of liver cells was detected in these experiments.

In addition to AAV capsids, expression of a non-self protein can invoke an
inflammatory immune response against the protein. In rats injected with AAV9
vector encodinghuman aromatic L-amino acid decarboxylase (hAADC), transduc-
tion of- and expression in antigen presenting cells lead to a loss of neurons in the
transduced region and infiltration of T cells into the parenchyma. Furthermore,
circulating anti-hAADCantibodieswere present after severalweeks [50]. Similarly,
AAV-mediated expression of GFP in the brain of NHPs triggered a complete
immune response, but not when the animals were injected with AAV9-hAADC
[51]. This indicates that the immune response is aimed against expression of a non-
self protein.

However, the first obstacle in AAV-mediated transduction of target cells ap-
pears to be the presence of neutralizing antibodies (NAbs) against AAV, which
can completely inhibit AAV transduction of target cells. In the human population,
NAbs against different AAV serotypes are present, with the most common being
NAbs against AAV1 and AAV2 [48, 49, 52]. Several studies have reported that
NAb titers as low as 1:10 were capable of neutralizing AAV vectors. Avoiding
neutralization of AAVs is the topic of an increasing number of studies [53–55].
One strategy is directed evolution for modification of the AAV capsid in order
to evade neutralizing antibodies [56], however, this may impair the ability of the
vector to transduce target cells. Others have used saline-flushing in NHPs to
minimize the inhibitory effect of neutralizing antibodies, present at 14× to 56×
dilution, resulting in liver transduction similar to that inNHPs lacking neutralizing
antibodies. Without flushing, the transduction efficiency was 100-fold lower due
to NAbs [57]. Another study looked at the injection of therapeutic AAV vector
together with decoy capsids (empty AAVs without a transgene) that can absorb
preexisting NAbs [58].

After finding that a portion of AAV is associated with extracellular vesicles
(EVs) after standard AAV production in vitro [59], we hypothesized that these
ev-AAVs would be more capable of evading NAbs in vivo because other viruses
also exploit EVs for antibody evasion [60, 61]. In chapter 5, we show that ev-
AAVs are more resistant to antibody neutralization compared to standard AAV9.
Furthermore, we prepared ev-AAV for brain-targeting experiments, by adding the
rabies virus glycoprotein peptide-transmembrane domain (RVG-TM) plasmid to
producer cells in culture, such that it will end up on the EV surface. We show that
RVG-ev-AAV9-Fluc is superior to standard ev-AAV9-Fluc in its ability to transduce
the mouse brain after intravenous injection. Evading neutralizing antibodies and
targeting a vector to the brain could have great clinical relevance.
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Extracellular vesicles and platelets in the tumor microenviron-
ment
The microenvironment plays an important role in the development of cancer.
Moreover, tumor cells instruct host cells in the microenvironment to support
their proliferation andmetastasis, avoiding immune detection and attracting blood
vessels to supply nutrients [62]. Both healthy cells and tumor cells secrete EVs and
can use them for intercellular communication [63]. Recently, experimental cancer
models including GBM have shown that tumor-derived EVs are involved in host
responses by transfer of functional nucleic acids, actively aiding in angiogenesis,
treatment resistance and metastasis of tumor cells [64–67]. Among the many
different cell types in the microenvironment, platelets are important for the mod-
ulation of several processes, which can be abused by tumor cells [68, 69]. Platelet
activation at tumor sites leads to a release of platelet-derivedmicroparticles (PMPs)
and an increasing number of studies suggest that PMPs are directly involved in
malignancy [70–72].

We employed aCre-recombinase-basedmethodwith themT/mGreporter sys-
tem, to visualize transfer of functional nucleic acids or proteins via EVs or platelets
to GBM tumor cells (chapter 6). A similar system has been used previously to
track the transfer of EVs between tumor cells and between tumor and host cells in
a breast cancer model [67]. In this study, it was shown that there is an exchange of
tumor-derived EVs in vivo and that the metastatic potential of less-malignant cells
is increased upon uptake of EVs from a metastatic tumor. In our study with GBM
cells, we observed transfer of Cre between cells in co-culture and in vivo, as some
cells expressed GFP. However, the very low efficiency of switching, especially in
vivo, was a problem in detecting Cre transfer.

To study the transfer of information between platelets and tumor cells, we used
platelets harvested from the Pf4-Cre mouse and injected i.v. into mice bearing
intracranial GBM-mT/mG tumors. As expected, no switch from red to green
fluorescence was observed in GBM-mT/mG tumors of mice injected with wild
type platelets, while in mice injected with Pf4-Cre platelets some cells switched
to green fluorescence. This indicated that i.v. injected platelets could home to the
tumor site where they are activated and delivered their payload – including Cre
mRNA or protein – which was subsequently taken up and expressed by tumor
cells. These experiments suggest that functional Cre mRNA or protein can be
transferred via EVs or platelets from one cell to another. It is possible that platelet-
derived EVs are responsible for the transfer of Cre between platelets and cells.
Platelets are activated at tumor sites and tumor cells can take up at least part of the
platelets payload. However, unfortunately the low efficiency observed in these in
vivomodels warrants optimization before solid conclusions can be made.

The constructs used here were different from those used in a previous study
and appeared to be less efficient [67]. In our experiments withmT/mG-expressing
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cells and Cre-expressing cells we observed only very few GFP-positive cells, both
in vitro and in vivo. Only very sparse red-to-green phenotypic switch was ob-
served whenGFAP-Cremice were injected with GBM-mT/mG cells, and noGFP-
expression was detected in Pf4-Cre mice injected with these cells. One possible
explanation is that we selected high-expressing mT/mG cells by FACS, after the
initial observation that expression ofGFPwas low. However, these high-expressing
mT/mGcellsmight contain several copies of themT/mGgene, thereby requiring a
greater amount ofCre to induce a switch, which theCre-expressing cells or Pf4-Cre
platelets were likely unable to deliver. Nevertheless, this and other studies show
that platelets and EVs are both responsible for shaping the tumor microenviron-
ment and represent an important mediator in tumor-host communication.

Future perspectives
The microenvironment plays an important role in inhibiting tumor progression,
metastasis or, conversely, enabling tumor cells to do so. Both platelets and EVs play
an important role in this process [62]. Aspirin has been linked to better survival
and decreased metastasis, first based on anecdotal evidence and later confirmed
in randomized clinical trials [73]. Mouse models have also shown that the inter-
action of aspirin with platelets can decrease metastasis and that this is due to the
inhibition of crosstalk between platelets and tumor cells [74]. Future studies can
look more closely into these processes and discover pathways to tumor inhibition
by inhibiting tumor-platelet or tumor-EV interactions, thereby modulating the
microenvironment to the hosts advantage. Furthermore, exploiting EV properties
for the delivery of immunomodulatory or antitumor compounds to the tumor
milieu is an interesting approach.

The discovery that AAV9 efficiently crosses the BBB after i.v. injection fueled
studies into this capability of otherAAVvectors. Several differentAAVvectors have
been shown to cross the BBB and transduce cells in the brain of mice after systemic
administration, with the most effective ones being AAV9, AAV.rh10, AAV.rh39
and AAV.rh43 [75]. All these vectors were capable of transducing different cell
types/brain regions in the mouse CNSwith varying efficiency. A study comparing
systemically delivered AAV9, AAV.rh8 and AAV.rh10 vectors for the treatment of
Canavan’s disease showedno significant differences in their capability to correct the
phenotype [39]. Intracranial injections with vectors encoding GFP also showed
superior transduction of AAV9 and AAV.rh10 in both rats and dogs, compared to
other serotypes [76, 77]. These studies confirm that AAV9 is the vector of choice
for the development of treatments against CNS diseases. Another advantage of
AAV9 over classic vectors such as AAV2 is the lower prevalence of NAbs in the
human population or in animal models [48, 78]. However, the broad tropism of
AAV9 after systemic injection remains a problem and the more tightly transgene
expression is controlled, the more likely a therapy is to succeed. Expression in the
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liver could lead to immune responses against the AAV capsid or the transgene and
subsequently liver inflammation. Experiments using different targeting constructs
could be useful to assess which promoters give the lowest liver expression, while
maintaining expression in the brain. Integration ofmicroRNA sites to prevent func-
tional protein innon-target tissues is another strategy that couldbe easily employed.
A more complicated approach would be modification or directed evolution of the
AAV9 capsid, to improve CNS transduction while limiting transduction of non-
target tissues [56, 79–81].

We have shown that EV-associated AAV can be targeted to the brain using
peptides, although high expression in the liver was also observed. This could be
circumvented by vector injection via the intracarotid artery, preventing a first-pass
through the liver. More generally, as the delivery route greatly influences the
transduced cell type, AAV9 vectors should also be compared after intracarotid,
intrathecal or intracerebroventricular administration, although these are more in-
vasive procedures than i.v. injections. Nevertheless, studies in mice and NHPs
have shown that i.v. deliveryofAAV9-SMNcompletely rescued the spinalmuscular
atrophy phenotype and this is now tested in a clinical trial (NCT02122952) [82–
84]. Even though this is a completely different pathological setting, it shows that
i.v.-injected AAV9 vectors can reach the CNS and deliver a transgene to treat and
potentially cure a disease. In addition, we have shown that AAV9 is capable of
widespread transduction in the brain after i.v. administration, in line with other
studies, and that this approach is more likely capable of delivering a transgene
combating infiltrative GBM cells compared to local transduction achieved via
intracranial administration.

Choosing the right transgene cassettes and delivery system is paramount for
the success of gene therapy. Although these techniques were used as a proof-of-
concept for the treatment of GBM, it can be applied to other diseases as well. For
GBM, different transgenes can be tested, as some preclinical studies have shown
successful results with the AAV-mediated delivery of interferon-beta (IFN-β) and
interleukin-12 (IL-12) to GBM, although these vectors were all injected locally
[26, 85, 86]. A clinical trial is now underway with a IL-12-expressing oncolytic
herpes simplex virus-1 vector (NCT02062827). The question remains whether a
ubiquitous promoter, such as CBA, or a more restricted promoter should be used
for expression of the transgene. While we used the NSE promoter in our studies,
another good candidate would be the human synapsin 1 (hSYN1) gene promoter,
which has been shown to drive high neuron-specific transgene expression, albeit
with differentAAV serotypes and injection routes [87–89]. In our setting, systemic
TRAIL expression by a ubiquitous promoter did not lead to any adverse events
in mice and there was a trend towards increased survival compared to the more
restricted NSE promoter. Clinical trials using TRAIL performed over the past
decade have not been very promising and only the combined use of TRAILwith an

160



7777777

General discussion

agonistic antibody has shown some antitumor activity [90]. It has been suggested
that this is due to the limited half-life of TRAIL protein, while antibodies could
have a half-life of days to weeks [91]. Thus, an AAV vector encoding TRAIL could
have real benefit for sustained transgene expression.

The present studies demonstrate the safety and therapeutic effect of AAV-
mediated transgene delivery to the brain tumor milieu, with no adverse events due
to therapy. TRAIL treatment was well tolerated and did not show any adverse
effects in mice. Moreover, TRAIL and many TRAIL-sensitizing compounds are
already used in clinical trials. Finally, as AAVs are already widely used in clinical
trials and current therapies for GBM are insufficient, applying AAV-mediated
expression of TRAIL to a clinical trial setting is feasible and would provide a novel
therapeutic approach.
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