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1
General introduction

“Very few recognize science as the high adventure it really is, the wildest of
all explorations ever taken by human beings, the chance to glimpse things
never seen before, the shrewdest maneuver for discovering how the world
works”.

— LewisThomas, 1913–1993 (Physician)
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General introduction

Glioblastoma
According to theWorldHealthOrganization (WHO),malignant neoplasms are the
second-leading cause of death of non-communicable diseases, with an estimated
8.2 million deaths worldwide in 2014 [1]. The incidence of new cancer cases is
expected to grow from 12 million in 2008 to a predicted 22 million by 2030 [2].
Cancer can be classified as the transformation of a healthy cell into a malignant
cell, allowing for unrestrained cell division. The incidence and mortality of some
common forms of cancer, in comparison to brain & other nervous system tumors,
are summarized in Figure 1.1.
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Figure 1.1: Incidence and mortality of common forms of cancer compared to brain and
other nervous system tumors in adults from the United States and the Netherlands. (a)
Average annual age-adjusted incidence as a percentage of total incidence. (b) Average annual age-
adjusted mortality as a percentage of total mortality. (c) Average annual age-adjusted mortality
as a percentage of tumor incidence. Data from2008-2012; sources: ACSCancer Statistics Center
and Dutch Cancer Figures.

Central nervous system (CNS) malignancies, including primary brain tumors,
account for less than 2% of all cancers diagnosed and are now classified and
graded according to the recently published 2016 WHO classification, which is an
updated classification scheme of its nearly ten-year-old predecessor [3, 4]. Thenew
classification scheme now incorporates diagnostics based on molecular pathology
in combination with conventional histological pathology [5, 6]. Primary brain
tumors are a wide variety of tumor (sub)types, differing in location, cellular origin
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and development, biological behavior and molecular and histological phenotype,
affecting both adults and children. Malignant gliomas are broadly classified as
astrocytoma, oligodendroglioma or oligoastrocytoma and were graded based on
histology as WHO grade II (low-grade glioma), grade III (known as anaplastic
glioma), or grade IV (known as glioblastoma). In the 2016 classification, the new
defining distinction is made between IDH wild-type and IDH mutant gliomas, in
which molecular signatures of the tumor can outweigh classic histological charac-
teristics [4].

Although relatively rare, glioblastoma (GBM) is the most common and dead-
liest malignant brain tumor in adults, accounting for approximately 70% of all
malignant primary brain tumors. Despite current therapy, highlighted below,
GBMhas adisproportionately highmorbidity andmortalitywith amedian survival
of only 15 months [7, 8]. The median age at diagnosis is 64 years and GBM
is around 40% more common in men than in women. The rise in brain tumor
incidence over the past decades seems to mostly result from improved imaging
techniques and better diagnosis [9].

Standard of care
Thefirst line of treatment for a patientwithGBMcurrently consists of surgery, with
the goal of maximal and safe resection of the tumor, as this has been shown to lead
to significantly improved survival [10, 11]. However, due to the highly infiltrative
growth of GBM, it is impossible to completely resect all tumor cells. Therefore, the
next line of treatment is combined radio- and chemotherapy, consisting of the alky-
lating agent temozolomide (TMZ) and high-energy radiation therapy, followed by
TMZ alone in the adjuvant phase of the treatment [8]. Despite aggressive therapy,
GBM has a dismal prognosis and is considered universally fatal.

The success of TMZ is primarily due to its favorable side effect profile and
its capacity to cross the blood–brain barrier (BBB), an important obstacle for the
treatment of all brain-related diseases [12]. TMZ induces cytotoxic lesions onO6-
methylguanine through alkylation. The resulting DNA damage can be repaired
by O6-methylguanine-DNA methyltransferase (MGMT), thus expression of this
enzyme confers TMZ resistance. Inactivation of tumor suppressor genes andDNA
repair pathways often occur in cancer [13, 14]. In the case of MGMT, methylation
of its promoter takes place, which means the cell has no mechanism of repairing
the damage induced by TMZ. Therefore, DNA methylation of the MGMT gene
promoter is associated with a better response to TMZ treatment in GBM [15, 16].

Molecular aberrations in GBM
GBM primarily arises in the cerebral hemispheres and owes its name to the specu-
lation that they originate from glial cells. This group of cells includes astrocytes,
oligodendrocytes, ependymal cells and microglia, which all provide support and
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protection to neurons. However, more recent studies into the origin of GBM
suggest that different cell types in the brain have the capacity to initiate malignant
glioma, such asneural stemcells, progenitor cells anddedifferentiatedneurons [17–
22].

GBMs can be distinguished into primary or secondary tumors, with the former
arising de novo, while the latter gradually dedifferentiates from low-grade glioma to
GBM. As with most cancers, several genetic aberrations are frequently observed
in and recent studies have found a remarkable molecular heterogeneity among
GBMs [23–25]. The Cancer Genome Atlas Network performed a systematic
analysis of the GBM genome on 206 samples, showing high-level amplifications of
EGFR, CDK4, PDGFRA, MDM2/4, deletions of CDKN2A/B, PTEN, CDKN2C,
or other mutations in TP53, PTEN, NF1, EGFR, RBB2, RB1 and PI3K. This was
later confirmed and expanded by multiple genomic, transcriptomic, and targeted
proteomic analyses which provided a broad overview of somatic alterations in
GBM [26–28]. Based on these alterations, four distinct subtypes of GBM have
been identified: classical, pro-neural, neural and mesenchymal. Several marker
genes and aberrations in gene expression can be used for characterization of these
subtypes. The classical subtype is mostly characterized by EGFR amplification,
the pro-neural subtype shows abnormalities in PDGFRA, mutations of IDH1 and
TP53 are associatedwith the neural subtype, while frequentmutations or deletions
and low mRNA expression of NF1 is characteristic for the mesenchymal subtype.
The neural subtype also expresses neural markers and has a gene expression profile
most similar to normal brain tissue. Ultimately, molecular signatures may serve
as definitive prognostic or predictive markers where treatment decisions would be
based on the sub-classification of GBMs [25, 28].

However,GBMheterogeneityhas a significant impact on response to treatment
[29]. The classical and mesenchymal subtypes show an increase in survival after
aggressive radio- and chemotherapy, while this benefit was initially not observed in
patients with a pro-neural subtype [25, 28]. In recent years it has become clear
that the pro-neural subtype has two distinct subsets – G-CIMP-positive and G-
CIMP-negative tumors [30]. In the glioma-CpG islandmethylator phenotype (G-
CIMP) subset, survival at 12 months after diagnosis is higher compared to non-G-
CIMP pro-neural and mesenchymal GBMs, which may be related to methylation
of theMGMT gene promoter. Despite the fact that this is associated with a better
response to treatment,MGMT methylation status alone was only correlated with
outcome in the classical subtype of GBM, but not the pro-neural, mesenchymal or
neural subtypes [26].

Molecular profiling studies have increased our knowledge of GBM tumorige-
nesis and aided in the identification of underlying signaling pathways that can
be targeted to halt tumor growth [31]. Targeting specific proteins important in
GBM proliferation or progression may provide opportunities to attack tumor cells
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while leaving healthy cells unharmed, which is important in the prevention of
treatment-related side effects. However, so far, none of the targeted therapies that
have been evaluated in clinical trials have been implemented in first-line treatment
regimens. Single pathway inhibition, even of downstream targets, has little effect
due to GBM heterogeneity. Successful treatment is further limited by intrinsic or
acquired resistance to therapy, or limited availability of a drug due to restricted
BBB penetration [32, 33]. This failure remains a major problem in the treatment
of GBM and other CNSmalignancies. Clinical and preclinical research is essential
to improve current treatment strategies and their efficacy, decrease side effects, and
to explore novel treatment options.

Extracellular vesicles
The primary task of the CNS is communication, by integrating incoming infor-
mation and generating output. Synaptic cross-talk among neurons as well as non-
synaptic neuronal interactions and communication between neurons and glial cells
are important in many CNS processes. Recent studies have provided evidence
that neurons and glial cells also use extracellular vesicles (EVs) as a mode for
intercellular communication [34–38]. EVs is the collective term for all types
of vesicles released from cells – a heterogeneous population of different vesicle
subtypes. Although it has long been known that apoptotic bodies are shed from
cells during apoptosis [39, 40], it has only more recently become accepted that
healthy cells also shed vesicles from their plasma membrane. Through the years,
many different names have been given to these “healthy vesicles”, such asmicrovesi-
cles, microparticles, ectosomes, exosomes, shedding vesicles and so forth [41–44].
Classification of EVs is done on the basis of various criteria, such as size, protein
content and surface markers, however it remains a major challenge to improve
and standardize EV isolation, analysis and classification. Broadly, EVs can be
defined into three separate classes – apoptotic bodies, cellular shedding microvesi-
cles/microparticles/ectosomes, and exosomes [45]. Apoptotic bodies are released
through plasma membrane blebbing during apoptosis and are therefore generally
excluded from EV research. Microvesicles are released by budding directly off
the plasma membrane, whereas exosomes form as intraluminal vesicles budding
into early endosomes that are released by fusion of multivesicular bodies with the
plasma membrane (Figure 1.2). A fourth, more recently discovered class of EVs
are tumor cell-derived large oncosomes, which are briefly discussed in the section
below.

EV uptake by target cells is dependent on the type of recipient cell, although
it mostly appears to occur through phagocytosis [47–49] or micropinocytosis [50,
51]. An alternative way for EVs to interact with target cells is through receptor–
ligand interactions. Several receptors have been shown to be present on EVs and
activate downstreamsignalingpathways in cells [52–54]. Thehalf-life of circulating
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Figure 1.2: Pathways involving several types of vesicles. The Golgi apparatus (middle left)
is involved in the classical pathway, where vesicles with protein cargo are packed and sorted to
transport their cargo to the plasma membrane (PM). Upon fusion with the PM, both membrane
proteins and secretory proteins are transported to their intended destinations. Various types
of cargo, e.g., proteins, RNA, can also be transported into the extracellular space via outward
PM budding and formation of shedding vesicles such as microvesicles/ectosomes (upper left).
Via endocytosis (receptor-mediated and free uptake) cargo is taken up by the cell and early
endosomes (EE) are formed. Here, proteins are either recycled to the PMor sequestered into the
intraluminal vesicles of multivesicular bodies (MVBs). Inward budding of the EEmembrane and
subsequent formation of late endosomes (LE) and MVBs results in the formation of exosomes.
When MVBs fuse with the PM, their content (exosomes) is released into the extracellular space
(middle right). Alternatively, an LE or MVB can be trafficked to lysosomes (LS) for degradation.
A recipient cell can take up released cargo through different mechanisms; direct fusion with the
plasma membrane, pino- or phagocytosis, or receptor-mediated uptake. Image adapted from
Kalra et al. (2016) [46].

EVs in vivo appears to be short. Exogenously administered labeled EVswere rapidly
cleared in 10 – 30minutes frommost tissues [55–58]. In contrast, one study found
that platelet-derived microparticles had a half-life of 5.5 hours [59]. Differences in
clearance from circulation is likely due to the cell of origin (producer cell) as well
as EV uptake by recipient cells, as vesicular proteins vary from one cell type to the
other [60].

Exosomes have been the most extensively studied subtype of EVs and every
cell type examined to date can secrete exosomes [61–63]. EVs with exosome-
like properties have also been isolated from different body fluids, such as blood,
saliva, urine, semen, breast milk, amniotic fluid and cerebrospinal fluid [64–69].
Unfortunately, “exosome” is also the most commonly used word to describe any
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Table 1.1: Populations of extracellular vesicles with their respective markers.

Vesicle type Size Origin Pathway Cargo Ref.

Exosomes
Exosomes

30–300 nm
30–300 nm

MVB fusion
with PM

TSG101, Alix
dependent

TSG101, Alix,
CD9, CD63, CD81

[72, 73]
Ref.

Microvesicles /
Ectosomes

0.05–1 μm
0.05–1 μm

Budding off
PM

ARF6, RhoA, PS
dependent

ARF6
ARF6

[74, 75]
Ref.

Apoptotic bodies
Apoptotic bodies

1–4 μm
1–4 μm

Budding off
PM

Apoptosis
pathway

Annexin V,
Caspase 3

[76]
Ref.

Large oncosomes
Large oncosomes

1–10 μm
1–10 μm

Budding off
PM

EGFR, Akt1, Cav-1
dependent

ND
ND

[77, 78]
Ref.

ND = not determined, PM = plasma membrane.

type of EV and isolates generally contain a mixture of EVs. There is currently no
gold-standard isolation method to obtain and purify EVs, meaning the isolation
protocol should be described in detail to support the claim of the type of EVs
isolated and allow for interpretation of the data [70]. To complicate things even
further, while multiple studies have used Alix, CD9, CD63, CD81 and TSG101
as exosomal markers [62], it is becoming clear that these might be enriched in
exosomes but are not exosome-specific markers [70]. A major challenge remains
to discriminate between the different types of EVs – particularly microvesicles
and exosomes – as differences in size, morphology, buoyant density and marker
composition seem insufficient for classification [71, 72]. Table 1.1 presents an
overview of populations of EVs with some of their properties. Typically, the
molecular composition of EVs is amixture of cytosol cargo – proteins, DNA, RNA,
peptides, lipids – surrounded by a lipid bilayer membrane serving as a transport
vehicle and protecting the cargo [51, 62].

EVs in the CNS and cancer
Neurons and different types of glial cells in culture release EVs and EVs can be
detected in cerebrospinal fluid [34–38]. EVs in the brain have been linked to
different processes like regulation of myelin biogenesis, trafficking and transfer
of proteins and nucleic acids [50, 79–81]. Aside from their function in normal
processes, it has become increasingly clear that EVs also play a role in pathological
conditions and have been implicated in diseases such as Alzheimer’s, Parkinson’s
and pathogenic prions [82–84].

Like normal healthy cells, cancer cells have also been shown to release EVs
into the extracellular space, representative of the cell of origin. In contrast to
healthy cells, these EVs contain molecules that appear to be functionally involved
in cancer progression and metastasis. However, the molecular composition of
tumor-derived EVs is not a mere reflection of the cytosol and cell membrane of
the originating cell, indicating that other sorting mechanisms could play a role
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in tumor cells compared to normal cells [74, 75, 85]. Another class of tumor-
derived EVs that was more recently described are large oncosomes, which have an
atypically large size and oncogenic cargo. They appear to originate directly from
plasma membrane budding [77, 78, 86]. One of the most intriguing functions
of EVs in cancer is the horizontal transfer of oncogenes, thereby transforming
signaling pathways in recipient cells and inducing morphological transformations
[87–90]. Tumor cell-derived EVs play an important role in communication, not
only between surrounding tumor cells but also interacting with the tumor stroma
and systemically.

Because EVs contain material from the originating cell, they can also be used
for diagnostic purposes. EVs isolated from body fluids can be used to detect tumor-
specific aberrations. While isolated EVs are often referred to as exosomes, it is
not always necessary to define the EV population for the purpose of diagnostics.
EVs have been isolated from patients’ plasma, serum or urine and compared with
healthy controls to aid in diagnosis or treatment decisions in prostate cancer [91–
94], melanoma [95, 96], lung cancer [96, 97], pancreatic cancer [98, 99], ovarian
cancer [100, 101] and several others. In GBM, for example, EGFRvIII is amutated
variant of EGFR that can be found in a subset of tumors and EGFRvIII mRNA
was detected in circulating EVs in the serum of these patients [85]. Other small
non-coding RNAs can also be found in GBM patient serum-derived EVs and can
serve as a diagnostic marker [102]. Tumors exploit their EVs for intercellular
communication, but EVs can also serve as biomarkers to monitor tumor growth
and molecular changes over time.

Host–tumor interactions involving EVs and platelets
The interactions that take place between tumor cells and the host microenviron-
ment are the subject of extensive investigation. Historically, most of these inter-
actions take place via small molecules such as cytokines, chemokines and growth
factors. However, in recent years it has becomeclear that cancer cells also communi-
cate using EVs, which can transfer functional information from one cell to another.
Tumor cell-derived EVs are not only taken up by neighboring tumor cells, but also
by normal cells in the stroma, like fibroblasts, the extracellular matrix, endothelial
cells and different immune cells [103–106]. Cancer-associated fibroblasts are one
of themost abundant cell types in the tumormicroenvironment and can alter their
phenotype upon exposure to cancer cells. In the reverse situation, cancer cells show
increased aggressiveness when co-cultured or exposed to conditioned medium
from cancer-associated fibroblasts. This crosstalk is, at least partially, mediated
through EVs that actively participate in intercellular communication leading to
tumor progression [106–109]. Functional transfer of nucleic acids via EVs alters
the behavior of target cells, both locally and at distant sites. Uptake of cancer
cell-derived EVs by immune cells seems to have functional consequences in the
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immune microenvironment, which can result in tumor cells escaping immune
response or activation of immune suppression. Studying how immune cells are
educated by tumor cell EVs is crucial in understanding biology and developing
effective strategies against the tumor and to avoid immune suppression [110, 111].
Different cancer models have shown that tumor-derived EVs can educate the host
cells to promote angiogenesis, migration and employ a pro-metastatic phenotype.
In addition, it appears that stromal cells can actively aid in treatment resistance
of tumor cells, although it is not known whether these stromal cells respond to
factors secreted by the tumor, before their release of tumor-promoting EVs [112–
115]. More specifically, GBM-derived EVs have been shown to transfer functional
nucleic acids to host cells like HBMVECs and monocytic cells and can promote
angiogenesis, tumor growth and invasiveness [85, 116–118].

EVs can also play a role in coagulation andmay promote paraneoplastic throm-
bosis in cancer, a role often attributed to elevation of platelet counts [119, 120].
However, both the presence of surface molecules on EVs themselves or the impact
they have on target cells, such as the increased expression of platelet adhesion
factors, may contribute to a pro-coagulant state [121].

Platelets are well known for their involvement in hemostasis, responding to
localized breaches in vascular integrity. In recent years, it has become apparent
that platelets are also involved in immune responses, such as host defenses against
microbial infection, inflammatory responses and development and regeneration of
organ damage [122]. However, factors released by tumor cells are used to exploit
platelets, facilitating immune evasion and acting as a protective cloak for circulating
tumor cells [123]. It has been suggested that there is a positive feedback loop,
whereby tumor cells release factors that stimulate thrombocytosis and directly or
indirectly activate platelets, while activated platelets in turn contribute to tumor
growth and metastasis [119, 124]. Furthermore, platelets are known to have
their owndiverse population of EVs, called platelet-derivedmicroparticles (PMPs),
produced by budding and fission of the plasma membrane [125, 126]. Platelet
activation leads to release of PMPs, involved in inflammatory, proliferative and pro-
angiogenic activities that canpromote tumorgrowth, tissue invasion andmetastasis
[123, 127]. Research suggests that PMPs are constantly generated to maintain
a balance in the circulation [126, 128]. Whether PMPs released from platelets
exert their own contributions to tumor growth and metastasis like platelets is an
ongoing investigation. In a mouse lung cancer model, i.v. injection of PMPs
significantly increased the metastatic potential of tumor cells suggesting that their
presence in circulationoutsideof platelets is sufficient [126, 129, 130]. Whilemany
questions remain, it is clear that both EVs and platelets play an important role in
local and/or systemic signaling in cancer and their various roles are only beginning
to be uncovered.
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Preclinical models of GBM
Themedian survival of patients withGBMhas not increased significantly in the last
two decades, which underscores the need for novel treatment strategies. Tumor
heterogeneity and resistance to treatment are a major problem in the therapeutic
management of GBM. Although our understanding of tumor biology is increasing,
current treatment modalities cannot overcome tumor resistance and treatment-
related side effects of which patients suffer. Preclinical research plays a pivotal role
in the discovery and evaluation of novel treatment strategies.

In vitro models
Cell lines are widely used in biomedical cancer research. To study brain tumors, se-
veral cell lines have been established and characterized, and are used in particular to
test their response to novel therapeutic interventions. Established cell lines such as
U87, U251 orU373 are commonly used in assays to determine their dose-response
to certain drugs. However, due to long-term culture, selection and adaptation
takes place by acquiring additional mutations, making it easier for them to grow
under standard cell culture conditions. Therefore, primary cultures obtained from
human brain tumor tissue better recapitulate original tumor biology and are more
suitable to study drug responses [131]. Specific cell culture protocols are used to
ensure these primary cultures retain the features of the original tumor. Primary
cells obtained frombrain tumors are cultured as neurospheres in specialized serum-
free medium with the addition of growth factors such as epidermal growth factor
(EGF) and basic fibroblast growth factor (bFGF), aimed at preserving the stem-
like cell properties they have [131–133]. Another technique developed to study
GBM in vitro is the use of various 3D culture models that allow tumor cells to
grow as a spheroid or organotypic multicellular model, oftenmimicking the tumor
microenvironment [134–136].

Although cells are suitable for studying the effect of a drug on a cell type, it does
not resemble the intricate environment in which tumors grow. Furthermore, the
complex interactions that take place between the tumor and themicroenvironment,
and the limitations of drug delivery to the tumor in patients (e.g. passing the BBB),
cannot be mimicked fully using cultured cells. To study these effects in detail, in
vivomodels are needed that are more relevant to the clinical situation.

In vivo models
Animals, andmice inparticular, havebeenused in cancer research formanydecades.
The inability to model in vitro the complex interactions that take place in an
organism makes the use of animal models of great value. Traditional xenograft
models use heterotopic transplantation (e.g. subcutaneous; s.c.) of human tumor
cells into immune-deficient mice, however, these are used for their simplicity and
do not mimic the human tumor [137].
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Orthotopic xenograft models are obtained by intracranial (i.c.) injection of
human- ormouse-derived glioma cell lines, which retain someof the characteristics
of the original tumor. Unfortunately, these tumors still differ from the originating
material due to selection pressure during in vitro cell culture and in vivo growth.
Orthotopic transplantation of patient-derived cancer stem-like cells rather than
established cell lines resemblemore closely the original tumor and overall behavior
of GBM such as infiltrative growth [131, 133]. Although the obvious advantage
of this method is to study the human tumor in an orthotopic environment, there
are still some drawbacks. Themost important issue is that these mice are immune-
deficient, which allows the human tumor to grow, but makes it impossible to
study the intricate interactions that take place between the tumor and the immune
system.

In order to study these complicated mechanisms, other mouse models have
been developed. With increasing knowledge about tumor-specific aberrations
present in human tumors, it has become possible to induce these aberrations
in mouse models. These genetically engineered mice allow for the induction of
human-like tumors that behave much like GBM in patients, either through germ-
linemutationor somaticmutationof target genes [18, 138–140]. Other options for
studying human-like GBM are syngeneic models in immune-competent animals,
such as mouse and rat gliomas and spontaneous dog gliomas. GBM is the most
common primary brain tumor in dogs and shows many of the characteristics of
human GBM [141, 142].

In contrast, many of the syngeneic rat gliomas have been chemically induced
and can still be immunogenic, even in syngeneic hosts [143]. Dog GBM is highly
proliferative and accurately mimics the classical patterns of invasiveness observed
in human GBM, making it an attractive model. Moreover, the inter-animal vari-
ability can help predict clinical outcome in human patients. On the other hand,
the feasibility of this model is limited by the availability of dogs for preclinical
testing, because, like in humans, canine GBM is still relatively rare. As such they
cannot replace the ease of inducible rodent models [141, 142, 144]. Although the
similarities with human GBM might be limited, syngeneic rodent glioma models
are technically easy and reproducible and are useful for preclinical testing of novel
therapies in which the immune system plays an important role [142, 145].

Gene therapy as a novel treatment strategy
Originally, ‘gene therapy’ was defined as a ‘treatment to correct genetically linked
disorders by swapping a non-functional gene for a functional copy’ [146]. Nowa-
days, it is more broadly defined as gene-based therapeutics or ‘the introduction of
nucleic acids into cells using a vector with the intention of altering gene expression
to prevent, halt or reverse a pathological process’ [147]. In contrast with traditional
medical interventions, which require repeated application of a drug, gene therapy
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aims to permanently correct the dysfunction. Although the first clinical trials using
gene therapywere carried out in the late 1980s, serious obstacles hindered its broad
application. In recent years, some important technical barriers havebeenovercome,
providing strong evidence that gene therapy can be applied to treat a number of
different diseases.

Target cells can be modified in vivo, where the vector is administered to the
host directly, or ex vivo, using patient-derived autologous cells that aremanipulated
ex vivo and transplanted back into the patient. The delivery of nucleic acids can
be achieved via non-viral or viral methods of gene transfer. Lipid- or polymer-
based nanoparticles are often used as non-viral delivery vectors, with the advantage
that they are easy to produce and relatively safe as there is a lower risk of immune
response compared to their virus-based counterpart. In addition, they can be used
to deliver synthetic compounds such as oligonucleotides, siRNA and novel gene
editing mechanisms such as CRISPR/Cas9 to target cells and there is no size limit
to the amount of DNA they can deliver. However, the efficiency of non-viral
vectors as well as delivery and sustained expression are reduced compared to viral
vectors, particularly for gene therapy of the CNS [147–150].

The general aim of gene therapy is to achieve stable, long-term transgene
expression in the target tissue, which is appropriately regulated to minimize side
effects. In the case of monogenic diseases, gene therapy usually involves the
delivery of a functional copy of this gene to the target tissue in order to correct the
mutation [151–153]. For the treatment of polygenic or non-genetic diseases, gene
therapy can be used to introduce genes that can stimulate or inhibit an immune
response [154–156], suicide genes that induce cell death [157–159], genes for the
modificationof cellular informationordevelopment [160–162], or genes encoding
a therapeutic protein [163–165]. Dozens of non-viral and viral vectors are being
evaluated for their potential as gene therapy, all varying in the genetic material
they carry (DNA/RNA), their size, maximum packaging capacity and target cell
specificity. As neurons have proven to be resistant to most non-viral transduction
methods, viral vectors are mostly used to target and transduce cells in the brain, in-
cluding enveloped virions such as lentivirus and other retroviruses, herpes simplex
virus, and capsid virions such as picornavirus, adenovirus and adeno-associated
virus [166–168].

Several delivery routes can be used to target the CNS (Figure 1.3). Although
non-invasive, intravascular injection of vectors would be preferable, access to the
CNS is tightly regulated by the BBB and amajority of delivery vectors are excluded
from reaching the brain [169]. Therefore, direct intracranial infusion has been
often used to deliver a vector into the brain parenchyma, or vector infusion into
the cerebrospinal fluid via lateral ventricles or intrathecal space. However, these
methods do not achieve the widespread transduction that is essential for many
therapies, which could be achievedby systemic vector administration. Thedevelop-
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ment of targeted receptor-mediated nanocarriers such as liposomes as well as the
discovery of adeno-associated viruses that canpass theBBBafter i.v. administration
has increased attention to this non-invasive delivery technique [168, 170, 171].

Capillary

Axonal transport
of vector and/or
secreted protein

Astrocyte
CED

Structure-specific
gene transfer

Myelinated axon Oligodendrocyte

Endothelial cells

Basal lamina

Astrocyte

Microglia

Tight junction Pericyte

CSFflow

AAV
vector

Neuron

Neuron

i.v.

Figure 1.3: Vector-based gene delivery to the CNS. Vectors such as adeno-associated virus
(AAV) can be delivered to the brain via convection-enhanced delivery (CED, direct infusion),
after which further distribution of the vector is mediated by axonal transport. Infusion of vectors
intravenously (i.v.) allows for widespread transduction of the brain, provided that the vector can
cross the blood–brain barrier (BBB). Image adapted from Bowers et al. (2011) [170].

Adeno-associated virus
Initially termed as being “defective virus particles”, adeno-associated virus (AAV)
was first discovered in 1965 as contamination of rhesusmonkey kidney cell cultures
that were infected with adenovirus. The term “defective” was chosen because the
virus cannot replicate by itself, rather, it needs a helper virus such as adenovirus
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or herpesvirus [172]. Later it was classified as a member of the Parvoviridae
family with the genus Dependoparvovirus. Wild-type AAV (wtAAV) has a 4.7 kb
genomeof single-strandedDNA, packed into an icosahedral non-enveloped capsid
with a diameter of approximately 20 nm. Its genome’s two open reading frames
(ORF) are flanked by palindromic hairpin structures, called inverted terminal
repeats (ITR), which generate a double-stranded sequence serving as a replication
template. Four proteins are encodedby the 3’ORF rep gene (Rep40, Rep52, Rep68
and Rep78), involved in single-stranded DNA replication, transcriptional control
and site-specific integration of viral DNA. The 5’ ORF cap gene encodes the VP1,
VP2 and VP3 structural proteins that comprise the capsid by using sixty copies of
these proteins in a 1:1:10 ratio [173]. The viral capsid is then produced under
control of the assembly-activating protein, located as an alternative ORF in the cap
gene [174]. Viral replication and transcription is regulated by the x gene on the 3’
end of the cap gene [175].

Viruses use receptor-mediated entry into a cell, either by fusion of the viral
envelope with the plasma membrane (e.g. retroviruses) or by uptake through
endocytosis, followed by penetration of the intracellular compartment (all non-
enveloped viruses, e.g. AAV). Endocytic pathways can be clathrin- dynamin- and
caveolin-dependent, but clathrin- and caveolin-independent pathways have also
been described [176]. Internalization of AAV serotype 2 (AAV2) depends on its
binding to the primary attachment receptor heparan sulfate proteoglycan (HSPG)
[177] and, thus far, five co-receptors have been identified. Fibroblast growth factor
receptor 1 (FBFR1) [178], hepatocyte growth factor receptor (HGFR) [179, 180],
the 37/67-kDa laminin receptor [181] and αVβ5 and α5β1 integrins [182, 183]
have all been suggested as co-receptors that facilitate cell entry by enhancing virus–
cell contact. Other serotypes (unique AAV variants; see page 16) such as AAV4
and AAV5 have been reported to require sialic acid binding or platelet-derived
growth factor receptor (PDGFR) for cellular entry [184, 185]. After binding to a
cell, clathrin-mediated endocytosis causes uptake and AAV undergoes a structural
change due to exposure to the acidic pH of the endosomal compartment, which
appears to be essential for AAV infection. VP1 protein is involved in cytoplasmic
entry of AAV and contains nuclear localization signals promoting nuclear entry,
where it uncoats its DNA and second-strand synthesis begins to achieve gene
expression [186–190].

Even though many details about cellular entry of AAV remains unknown,
a recent genetics screen identified a previously uncharacterized transmembrane
receptor, termed ”AAV receptor”, facilitating rapid endocytosis and trafficking to
intracellular compartments. Moreover, many AAV serotypes used this receptor
and antibodies against it completely inhibited AAV2 infection of cells, suggesting
it is a universal receptor involved in AAV infection [191]. Although wtAAV can
integrate at a specific site AAVS1 in human chromosome 19, recombinant AAV
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(rAAV) vectors used for gene therapymostly persist as episomal concatemers in the
cell [192–194]. Low-level integration of rAAV occurs but is very inefficient, which
reduces the chance of insertional mutagenesis, providing an additional margin of
safety [195–197].

AAV serotypes
The first isolated AAV, which was eventually cloned into a plasmid for in vitro
production, was serotype 2 (AAV2), and this has been the most studied serotype
of AAV [172, 198, 199]. A serotype is defined as a newly isolated virus that
does not efficiently cross-react with neutralizing sera specific to all other existing
serotypes [173]. Hence, following this definition, only AAV serotypes 1-5 and 7-
9 can be classified as true individual serotypes. However, over a hundred other
AAV isolates exist that are not well characterized, and these are called AAV variants.
Nevertheless, some cross-reactivity of neutralizing antibodies against different
AAV serotypes exists, as liver-directed AAV1 transduction was decreased in mice
pretreated with AAV2 [200].

AAV serotypes 1-4 and AAV6 were isolated as contaminants in adenovirus
laboratory stocks, while AAV5 was isolated from a human condylomatous wart
[172, 201, 202]. Due to the presence of neutralizing antibodies against AAV2,
3 and 5 in the human population, these AAVs are thought to have originated in
humans, while AAV4 appears to have originated in non-human primates [203–
205]. More recently, AAV7, 8 and 9 and several variants were isolated by PCR
amplification of rhesus monkey DNA [206–208]. A large study was performed on
all AAV serotypes and many variants based on their cap gene sequence, and then
analyzed for phylogenetic relationships. Next, they were segregated into clades
using computational approaches, based on functional and serological similarities
[207]. The advantage of these novel vectors could be the lack of preexisting neu-
tralizing antibodies against them, which could improve their use as a gene transfer
vector for application in humans. Preexisting neutralizing antibodies induce a
humoral response against the vector and have been found in laboratory animals
and the human population [209, 210]. Depending on age and ethnic group, it has
been estimated that 50–95% of the human population is seropositive for AAV2
[209–211], causing a reduction or impairment of AAV2-mediated gene transfer.
Animalmodels and clinical trials have shown that this is a real issue that needs to be
addressed, also because these antibodies can cross-react with other AAV serotypes
[212–215]. Novel vector serotypes with low preexisting antibody titers could
increase the efficacy of AAV-mediated gene therapy. Another important factor
is the effect of serotype on tissue tropism and additional studies have uncovered
unique properties of these vectors compared to AAV2, such as the ability to cross
the BBB after systemic injection [171, 216]. These are discussed in the sections
below.
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Engineering of recombinant AAV vectors
Several modifications to wtAAV have been essential for the use of AAV as a gene
therapy vector. In recombinant AAV (rAAV) vectors, the expression cassette
containing a transgene of interest is used to replace the rep and capORFs, with rep
and capbeing provided in transon a separate plasmid. Theonly remaining elements
ofwtAAVare the cis-regulatory ITRs,which are crucial for replicationof its genome
and packaging into capsids [217–219]. Replication of wtAAV is dependent on
a helper virus, however, those genes essential for AAV replication have been
identified and a plasmid was constructed for the helper virus-free production of
rAAV in culture [220], thereby preventing the generation of adenovirus particles
in these preparations and increasing rAAV titers.

The standard technique for rAAV production (Figure 1.4) is transient co-
transfection of human embryonic kidney 293 (HEK293) cells with the AAV plas-
mid containing the ITR-flanked transgene cassette, theAAVplasmid containing rep
and cap genes, and the helper plasmid providing adenovirus helper functions (E2a,
E4, VA).The adenovirus E1a and E1b genes, that are required for AAV replication
but are missing from the plasmids, are provided by HEK293 cells which contain
part of the adenovirus genome stably integrated into the chromosome [220, 221].

Promoter Transgene

pAAV-transgene

rep cap

pAAV-rep-cap

E2a E4 VA

pAAV-helper

HEK293 cell

E1a
E1b

rAAV encoding transgeneco-transfection

Figure 1.4: Standard production of AAV vectors in mammalian cell culture. HEK293
cells expressing adenovirus E1a and E1b genes are triple-transfected with plasmid encoding the
promoter-transgene cassette flanked by inverted terminal repeats (ITRs), the plasmid encoding
AAV rep and cap genes and AAV helper plasmid encoding adenovirus E2a, E4 and VA genes that
are necessary for AAV replication. In vector pseudotyping (see below, the AAV rep gene (often
AAV2) is combined with the cap gene of a different serotype (e.g. AAV9). Image adapted from
Samulski et al. (2014).

Several methods can be used for the purification of AAV vectors from cul-
ture. In one common protocol, cells are harvested and lysed sixty hours’ post-
transfection, from which AAV vectors are purified using ultracentrifugation of
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an iodixanol isopycnic gradient followed by anion exchange chromatography and
buffer exchange columns. After concentration, AAV vectors can be titered using
a real-time quantitative polymerase chain reaction (RT-qPCR) assay in which an
AAV of known titer is used in serial dilutions tomake a standard curve. AAV vector
titers are expressed as genome copies per milliliter (g.c./mL) [222, 223].

Vector pseudotyping, or cross-packaging, uses a combination of AAV2 rep
genes with cap genes from one of the different AAV serotypes (e.g. AAV1 or AAV9
cap genes) cloned into a plasmid, thereby allowing serotype-specific vector trans-
duction without the influence of ITRs on transgene expression [221]. Serotypes
can affect tissue tropism, therebymaking oneAAV serotypemore suitable as a gene
therapy vector for certain tissues than others.

AAV tropism and targeting
Distinct host tissue specificity is determined by “tropism” –the particular cells or
tissues that a given serotype has particular high affinity for. This is achieved through
the interaction of the viral surface (e.g. envelope or capsid) with the cell’s surface
receptors and other intracellular structures including endosomes/lysosomes and
microtubules or actin filaments [176]. In the case of AAV, variances in the amino
acid composition of the capsid lead to differences in the affinity towards certain
cellular receptors and co-receptors. As mentioned before, HSPG is the primary re-
ceptor forAAV2andAAV3,whileAAV4andAAV5useO- andN-linked sialic acids,
respectively, for binding. Additional interactions with co-receptors are important
in the transduction efficiency of AAV for a particular cell type. Therefore, different
AAV serotypes will target different host cell types with a different efficiency. The
selection of an AAV serotype is important for gene therapy of a specific tissue due
to the differential tropism. AAV2 and cross-packaging variants have been used for
many in vivo transgene expression experiments, performing comparative studies in
the liver [224–228], lung [229–232], vascular tissue [233, 234], cardiac muscle
and skeletal muscle [235–240] and the CNS/brain [216, 241–245]. However,
besides vector serotypes, the route of administration also determines tropism.
Therefore, the effect of serotype on tropism alone should be studied using a single,
preferably systemic, injection route [246]. Alternatively, the effect of injection
method alone could be studied on a single serotype to determine the optimal
administration route to reach target cells [247–249].

Some organs or cell types are more prone to AAV infection than others so,
despite the discovery of newAAVserotypes, there is a need for engineering custom-
targeted AAV vectors. Such options include mosaic vectors, in which the capsid
structure comprises amixture of capsid subunits fromdifferent serotypes, chimeric
vectors, usually containing capsid proteins modified by domain or amino acid
swapping between different serotypes, non-genetic or genetic receptor targeting
or promoter targeting [250].
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The natural tropism of AAV in the CNS leads to primarily transduction of
endothelial cells, some neurons and astrocytes, however, the route of administra-
tion also influences the cell type transduced. Direct intracranial injection of AAV
targets mostly neurons (>90%), while systemic injection targets glia, neurons and
endothelial cells. In monkeys, systemic injection seems to transduce microglia
[248, 251–253]. In addition to capsid, transduction of particular cells can be
modulated by promoter type. Commonly used promoters for the strong expres-
sion of transgenes in the brain include the cytomegalovirus (CMV) promoter or
the hybrid CMV/chicken beta-actin (CBA) promoter, with the CBA promoter
being superior at transgene expression in the brain [254]. In addition, promoter
silencing and resulting decline in transgene expression is a commonproblem, often
observed when using the CMV promoter in stem cells [255–257]. AAV vectors
driven by cell-specific promoters can be used to achieve targeted expression in
the brain. To restrict transgene expression to predominantly astrocytes, neurons
or oligodendrocytes, a glial fibrillary acidic protein (GFAP) promoter, neuron-
specific enolase (NSE) promoter, or myelin basic protein (MBP) promoter can be
used, respectively [245, 258, 259]. These promoters can be used for the modeling
and treatment of brain-related diseases and expand the utilization of targeted AAV.
This strategy is alsouseful to limit transgeneexpression innon-target tissuesoutside
of the brain.

One of the drawbacks of AAV is the limited packaging capacity of about 5
kb. Eukaryotic promoters often contain large cis elements, which means there is
even less space left in the genome for the transgene itself. Packaged AAV vector
genomes never exceeded 5.2 kb andplasmids encoding vectors over 5 kbwere often
heterogeneous in length and truncated at the 5’ end [260]. This strict limitation
means a careful selection of promoter and transgene are required, in order to
not exceed the packaging capacity of the vector while still accomplishing targeted
transgene expression. To circumvent these packaging constraints, two approaches
have been developed. In both split AAV and fragment AAV, partial genes are
delivered by the vectors and reconstructed by the cellular machinery. Although
the efficiency of these vectors still needs to be improved, they allow for the delivery
of “large” genes to target cells [261].

CNS gene therapy using AAV vectors or EVs
The safety profile of AAV combined with efficient gene transfer makes it an ideal
candidate for gene therapy of several disorders, including cancer and those arising
in the CNS [262, 263]. Long-term transgene expression in the brain has been
achieved up to 1.5 years in rats [264–266], and six years to eight years in monkeys
[267, 268]. It is no coincidence that the first approved gene therapy in theWestern
world is delivered by an AAV vector and there is a push towards more clinically
applicable AAV vectors [269, 270]. The use of AAV in both clinical and preclinical
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studies of CNS diseases has increased rapidly in recent years. AAV-mediated gene
therapy has been used in clinical trials for the treatment of Alzheimer’s disease
[271, 272], Canavan’s disease [273], Parkinson’s disease [274–276] and many
others. In preclinical studies AAV has been used as a gene therapy vector in
amyotrophic lateral sclerosis [277, 278], epilepsy [279], Huntington’s disease
[280–282], leukodystrophies [151, 283] and several brain tumor models [284–
288].

Promising serotypes for the transduction of cells in the brain have been AAV8,
AAVrh.8, AAV9 and AAVrh.10 [242, 254, 286, 289], isolated from non-human
primate or human tissues [206, 207]. Although AAV2 has been shown to trans-
duce neurons, primarily restricted to the needle track upon direct injection [290],
these more recently discovered vectors have proven to be superior at transducing
neurons and astrocytes with wider transgene distribution in the brain [246, 291].
Additional modification of AAV capsid proteins has been a successful strategy for
targeting of AAV to the brain [292–294]. Furthermore, transcriptional targeting
using promoters can be used to potentially restrict transgene expression in non-
target tissues outside the CNS [245] or post-transcriptional modification using
miRNA sites, which prevent a functional protein product in non-target tissues
[295].

Various studies have indicated that AAV serotype 9 (AAV9) shows the remark-
able ability to bypass the BBB after intravascular (i.v.) administration, although the
transduction profiles in neonatal animals and adult animals seem tobe very distinct,
with transduction of primarily neurons in neonates and glia and neurons in adult
mice [171, 251, 296]. Recently,multipleAAVserotypes have also beenobserved to
penetrate the BBB and deliver genes to the CNS [171]. Despite the discovery that
AAV9 can cross the BBB, the mechanism by which it does is currently unknown.
The primary receptor for cellular entry of AAV9 is terminal N-linked galactose
and several co-receptors are involved. Capsid–glycan interactions are important
for the cell type transduced after systemic injection and specific variable regions
of amino acids in the AAV9 capsid could be responsible for the BBB crossing of
this phenotype [297–299]. Although much remains unknown, this vector allows
for a systemic, non-invasive delivery route of AAV-mediated gene therapy to the
CNS. Following promising results in preclinical studies, phase I clinical trials with
AAV9 are currently underway for the treatment of spinal muscular atrophy type
1 (NCT02122952) [300–302], neuronal ceroid lipofuscinosis (NCT02725580),
mucopolysaccharidosis IIIA (NCT02716246) [303, 304] and giant axonal neu-
ropathy (NCT02362438) [305], and many more preclinical studies are ongoing.
However, its use for the treatment of brain tumors such as GBM has not been
explored yet in depth.

EVs present another interesting gene delivery vector for the treatment of CNS
diseases. Although the isolation protocols for EVs can be very different, ranging
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from ultracentrifugation to size-exclusion columns, the general approach for the
generationof therapeuticEVs is packaging vesicles in cell culture. With the addition
of additional plasmids or compounds to cells in culture, via standard transfection
protocols, it is possible to produce EVs containing the desired nucleic acids or
compounds. EVs have been loaded with many different proteins or peptides in
order to target them to tissues or to deliver a therapeutic gene. In one of the
first examples of targeted EVs as a therapeutic delivery vehicle, a rabies virus
glycoprotein peptidewas used to target exosomes to the brain and amuscle-specific
peptide was used to target exosomes to muscle. Using this strategy, an siRNA
against GAPDHdelivered by the targeted exosomes caused specific knockdown in
target cells. As a disease model, an anti-Alzheimer’s BACE1 siRNA was delivered
to themouse brain by RVG-targeted exosomes and caused a significant decrease in
BACE1 mRNA levels [306]. Others have employed similar strategies to deliver
anti-inflammatory agents to the brain using EVs [307], target nucleic acids to
tumors or use doxorubicin-loaded EVs as cancer therapeutics [308–310]. In a
previous studywe found that, duringAAVproduction, a fractionofAAV is captured
inside or associated with EVs. Subsequent harvesting of these AAV-containing
EVs could be another method to exploit EVs for therapeutic gene delivery [311].
Although EVs play an important role in cancer progression, their power can also be
harnessed to our benefit as a novel way in achieving targeted delivery of therapeu-
tics to a tumor.

Outline
The aim of this thesis was to develop and study novel vector-based strategies for
the treatment of GBM. A large focus was the development of AAV vectors and
their therapeutic applicability to inhibit the invasive growth of GBM. In chapter
2 and chapter 3 we used soluble, secreted tumor necrosis factor-related apoptosis
inducing ligand (sTRAIL) as a therapeutic transgene model, delivered by AAV.
TRAIL is capable of inducing cell death in a variety of cancer cells [312–315],
including GBM cells [316, 317], while having a limited effect on normal cells
[318, 319]. Many cancer cells have been found to express deathdomain-containing
receptors (DRs) on their cell membrane, TRAIL-R1 (death receptor 4; DR4) and
TRAIL-R2 (DR5), which primary function is to induce an apoptotic response
upon binding of TRAIL. Partly due to expression of decoy receptors, TRAIL has
a limited effect on normal cells, which is important in the treatment of any disease,
limiting potential side effects seen in non-specific therapies such as traditional
chemotherapy.

In chapter 2 we developed an AAV.rh8 vector expressing sTRAIL, that was
intracranially delivered to the brain tumor environment via CED. Both a single
vector injection as well as multiple vector injections were used to deliver the
therapeutic transgene to the tumor environment. Despite the expression of DRs,
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many cancer cells are resistant to TRAIL. Although the mechanism of resistance
is not fully understood, resistance to TRAIL in cancer cells appears to be related
to signal transduction pathways rather than receptor expression. Activation of
these underlying pathways, at least in part mediated through nuclear factor-kappa
B (NF-κB), can be used to re-sensitize cancer cells to TRAIL-induced apoptosis
[320–322]. A recent high-throughput drug screen performed in our laboratory
identified the cardiac glycoside lanatoside C as a potential sensitizer of GBM cells
to TRAIL therapy [323]. We showed in chapter 2 that lanatoside C can be used
as a combination therapy to sensitize and re-sensitize intracranial GBM cells to
treatment with TRAIL.

The infiltrative growth of GBM is a major problem in controlling this disease.
As intracranial injection of vectors was incapable of combating invasiveness, we
explored options to transduce a larger part of the brain. Because the brain is a highly
vascularized organ, intravenous injection of a vector would potentially have better
distribution than localized intracranial injections. Moreover, intracranial injections
are a laborious procedure requiring surgery, thus a simple intravenous injection
would have great benefit. In chapter 3 we utilized AAV9 as a vector that can pass
the BBB after intravenous administration, and studied promoter targeting towards
the brain, whole-mouse vector distribution, cell-type specific brain transduction,
and response of GBM to therapeutic vectors.

During our studies with intravascularly-administered AAV vectors, to improve
delivery to the brain tumor, we discovered that transduction in the brain was
increased in some mice compared to others. In chapter 4 we looked into this phe-
nomenon and report thatmouse gender influences the brain and liver transduction
after intravascular delivery of AAV9 encoding a transgene.

Experiments performed with AAV led to an interest in EVs as a gene delivery
vehicle and to study their role in host–tumor communication. While systemic
delivery of AAV vectors is an interesting strategy, the immune system can dampen
its effectiveness by induction of T cell responses against AAV capsid protein and
specifically the transgene, posing a potential obstacle for this type of gene therapy.
After finding that a portion of AAV vector produced in culture is associated with
EVs [311], we showed in chapter 5 the potential of EV-associated AAV compared
to “naked” AAV for its capacity to transduce target cells in vivo and prevent immune
detection. Furthermore, we showed targeting of AAV-associated EVs to the brain
viamodificationof EV surface proteins by co-transfectionof producer cells and that
this can be an attractive strategy for the transduction of specific organs or cell types.

EVs play an important role in tumor-host communication and are released
by both normal cells and tumor cells. Platelets take up and release a plethora
of EVs cycling through the body and therefore are expected to play a role in this
communication. Moreover, platelets are activated at tumor sites and release their
payload. In chapter 6 we attempted to visualize the homing of platelets to tumor
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sites and subsequent release of EVs using switchable reporter cells in GBMmouse
models.

Finally, the presented work in this thesis will be discussed in chapter 7 and
directions for future research will be addressed. The English andDutch summaries
of this work are provided in chapter 8.
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Abstract
Glioblastoma (GBM) is the most common malignant brain tumor in adults. We
designed an adeno-associated virus (AAV) vector for intracranial delivery of se-
creted, soluble tumor necrosis factor-related apoptosis-inducing ligand (sTRAIL)
to GBM tumors in mice and combined it with the TRAIL-sensitizing cardiac
glycoside, lanatoside C (lan C).We applied this combined therapy to two different
GBM models using human U87 glioma cells and primary patient-derived GBM
neural spheres in culture and in orthotopic GBM xenograft models in mice. In
U87 cells, conditioned medium from AAV2-sTRAIL expressing cells combined
with lan C induced 80% cell death. Similarly, lan C sensitized primary GBM
spheres to sTRAIL causing over 90% cell death. In mice bearing intracranial U87
tumors treated with AAVrh.8-sTRAIL, administration of lan C caused a decrease
in tumor-associated Fluc signal, while tumor size increased within days of stopping
the treatment. Another round of lan C treatment re-sensitized GBM tumors to
sTRAIL-induced cell death. AAVrh.8-sTRAIL treatment alone and combinedwith
lanatoside C resulted in a significant decrease in tumor growth and longer survival
ofmice bearing orthotopic invasiveGBMbrain tumors. In summary, AAV-sTRAIL
combined with lanatoside C induced cell death in U87 glioma cells and patient-
derived GBM neural spheres in culture and in vivo leading to an increase in overall
mice survival.
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Introduction
Glioblastoma (GBM) is the most common malignant primary brain tumor in
adults. Despite current therapies, median survival of patients is only 15 months
[1]. New strategies for the treatment of GBM are much needed. Injection of viral
vectors such as adeno-associated virus (AAV) encoding anti-tumor proteins is a
promising strategy for GBM therapy, however, direct tumor injection with viral
vectors leads to focal gene delivery and generally only a small percentage of tumor
cells express the transgene [2, 3]. Several AAV serotypes are capable of efficiently
transducing cells in the brain after direct injection, with neurons being the primary
target [4]. We have previously reported inmice that geneticallymodifying neurons
surrounding a brain tumorwith secreted anti-tumor proteins is an effective strategy
to kill tumors [5]. The transduced neurons effectively serve as a local factory for
production of the anti-tumor protein.

Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) binds to
death receptors (DRs) found specifically on tumor cell (and not normal cell)
membranes, which activate a series of signaling events leading to apoptosis [6, 7].
Unfortunately, some forms of cancer, particularly adult GBMs, are notoriously
resistant to treatment with TRAIL [8–10]. Previously, through drug screening,
we identified the cardiac glycoside lanatoside C (lan C) to sensitize GBM cells to
TRAIL in culture and in a subcutaneous GBM mouse model [11]. A low dose
of lan C combined with TRAIL killed over 90% of U87 GBM cells, while it had
no significant effect on primary fibroblasts. Cardiac glycosides such as lan C have
shown to act as neuroprotective agents, which shows that these compounds can
efficiently penetrate the brain [12, 13]. Major limitations of using TRAIL for brain
tumor therapy are the inability of TRAIL protein to cross the blood–brain barrier
as well as its short half-life in vivo and potential liver toxicity [14, 15].

In the present study, we developed an AAVrh.8 serotype vector for the delivery
of a secreted, soluble formof TRAIL (sTRAIL) toGBM tumors in themouse brain
via intracranial (i.c.) injection. In this case, thenormal brain surrounding the tumor
secretes active TRAIL, which in turn finds and binds to death receptors on GBM
cells inducing apoptosis upon systemic administration of lanatoside C.We showed
that this combined strategy has a therapeutic benefit in two different intracranial
GBMmodels, U87 cells as well as patient-derived invasive GBM neural spheres.
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Materials & methods
Cell culture and lentiviral vectors
293T cells andU87 humanGBM cells obtained fromAmerican Type Culture Col-
lection (ATCC;Manassas, VA)were cultured in high-glucoseDulbecco’sModified
Eagle Medium (DMEM; Invitrogen, Carlsbad, CA) supplemented with 10% fetal
bovine serum (FBS; Sigma, St. Louis, MO) and 100 U/mL penicillin/100 μg/mL
streptomycin (Invitrogen). Primary human GBM8 stem-like cells have been previ-
ously described [16] andwere cultured as neural spheres in serum-freeNeuroCult™
NS-A Basal Medium with Proliferation Supplement (StemCell Technologies, Van-
couver, BC), supplemented with 20 ng/mL recombinant epidermal growth factor
(EGF; R&D Systems, Minneapolis, MN), 10 ng/mL basic fibroblast growth factor
(bFGF; Peprotech, Rocky Hill, NJ) and 2 mg/mL heparin (Sigma). All cells were
cultured at 37 ◦C under 5% CO2 humidified atmosphere. For in culture use, AAV
vectors were packaged as AAV2 serotype. U87 cells were transduced with the
AAV2-CBA-GFP or AAV2-CBA-sTRAIL vector at a ratio of 1000 genome copies
(g.c.)/cell. Three days post-infection, the medium from these cells containing
sTRAILor control was harvested. U87 cellswere cultured in 24-well plates and one
day after seeding, medium was removed and conditioned medium from sTRAIL
or GFP-expressing cells was added for the following groups: (1) control medium,
(2) control medium + DMSO, (3) controlmedium + 0.25 μM lan C, (4) sTRAIL
medium, (5) sTRAIL medium + DMSO, (6) sTRAIL medium + 0.25 μM lan C.
Twenty-four hours after treatment, quantification of cell viability was performed
by measuring ATP in metabolically active cells using the commercially available
CellTiter-Glo™ assay per manufacturer’s protocol (Promega, Madison, WI). The
same experiment was repeated on GBM8 cells cultured as described above after
allowing them to form neural spheres for at least two days before treatment was
initiated.

To generate U87 cells and GBM8 neural spheres stably expressing Firefly
luciferase (Fluc) and mCherry fluorescent protein, these cells were transduced
with a lentivirus vector based on CSCW2-Fluc-IRES-mCherry at a multiplicity of
infection of 10 transducing units/cell as previously described [5] generating U87-
Fluc/mCherry (U87-FM) or GBM8-Fluc/mCherry (GBM8-FM).

Adeno-associated (AAV) vectors
ThepAAV-CBA-sTRAILvector consists of a transgene cassette for soluble, secreted
TNF-related apoptosis-inducing ligand (sTRAIL) carrying amino acid (a.a.) 1–
150 from human Flt3L, an isoleucine zipper domain, and the extracellular domain
(a.a. 114–281) of the human TRAIL, based on the previously reported h-Flex-
zipper-TRAIL [17, 18]. The transgene is controlled by a hybrid cytomegalovirus
immediate early enhancer/chicken beta-actin promoter (CMV IE/CBA), while
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the woodchuck hepatitis virus post-transcriptional regulatory element (WPRE) is
downstream of the transgene. As a control, a similar vector expressing GFP was
used.

AAVvectorswere producedusing triple transfection of 293Tcells as previously
described [19]. Briefly, AAV helper plasmid Fd6, AAV2 rep/cap plasmid (used
to generate AAV2 for in vitro culture use) or AAVrh.8 rep/cap plasmid (to gener-
ate AAVrh.8 for in vivo use) and the AAV2 ITR-containing transgene expression
plasmid (sTRAIL or GFP, both single-stranded genomes) were used for triple
transfection of 293T cells by the calcium phosphate method. Three days after
transfection, the cells were harvested, lysed and purified using iodixanol gradient
ultracentrifugation followed by anion exchange chromatography. Vectors were
titered by quantitative polymerase chain reaction (qPCR) for AAV genomes using
primers against the poly A signal sequence. A typical titer of 1013 genome copies
(g.c.) per mL was obtained using this strategy.

Lanatoside C
Lanatoside C was purchased from Sigma, resuspended in DMSO at 20 mg/mL
concentration, and stored in aliquots at -80 ◦C. Aliquots were thawed one time and
any remaining solution was discarded.

Animal studies
All animal experiments were approved by the Massachusetts General Hospital
(MGH) Subcommittee on Research Animal Care and performed in accordance
with their guidelines and regulations as set forthby theNational Institutes ofHealth
Guide for the Care and Use of Laboratory Animals. Female six-to eight-week old
athymic nude mice were anesthetized with a mixture of 100 mg/kg ketamine and
5 mg/kg xylazine in 0.9% sterile saline. GBM cells were intracranially injected at a
rateof 0.4μL/minusing aMicro4MicrosyringePumpController (WorldPrecision
Instruments, Sarasota, FL) attached to a Hamilton syringe with a 33-gauge needle
(Hamilton, Reno, NV) into the mid-left striatum at the following coordinates in
mm from bregma: +0.5 anterior-posterior, +2.0 medio-lateral, -2.5 dorso-ventral.
In the U87 glioma model, each mouse was injected with approximately 105 U87-
FM cells in 2 μL of Opti-MEM. In the primary GBM8 stem-like cell model, neural
spheres were dissociated using Accutase (Innovative Cell Technologies, SanDiego,
CA), two days before implantation and allowed to form small spheres. Approxi-
mately 105 GBM8-FM cells (3000 intact spheres) resuspended in 2 μLOpti-MEM
were injected in each mouse into the left midstriatum using the same coordinates
as above.

AAVrh.8-CBA-sTRAIL or AAVrh.8-CBA-GFP vectors were infused using the
Microsyringe Pump Controller attached to a Hamilton syringe with a 33-gauge
needle at a rate of 0.2 μL/min. Coordinates were either the same as for tumor cell
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injections, or adapted for the multiple injections experiment to the following co-
ordinates from bregma: +0.7 anterior-posterior, +2.0 medio-lateral; +0.3 anterior-
posterior, +2.2 medio-lateral; +0.3 anterior-posterior, +1.8 medio-lateral; and -2.5
dorso-ventral.

Bioluminescence imaging

D-luciferin was purchased from Gold Biotechnology® (St. Louis, MO) and re-
suspended at 25 mg/mL in PBS. For Fluc imaging, mice were injected i.p. with
200 mg/kg body weight of D-luciferin, and imaged 10 min later using the IVIS®
Spectrum optical imaging system fitted with an XGI-8 Gas Anesthesia System
(Caliper Life Sciences, Hopkinton, MA). Bioluminescent images were acquired
using the auto-exposure function. Data analysis for signal intensities and image
comparisons were performed using Living Image® software (Caliper Life Sciences).

Statistical analysis
GraphPad Prism v6.01 software (LaJolla, CA) was used for statistical analysis of
all data. A p-value less than 0.05 was considered to be statistically significant. For
analysis between multiple groups, a one-way analysis of variance (ANOVA) was
performed followed by Sidak’s multiple comparison test to compare differences
between two groups. An unpaired two-tailed t-test was used for the comparison
of two samples. Survival was analyzed using Kaplan–Meier curves and log-rank
(Mantel–Cox) tests.

Results
Secreted TRAIL in producer cell conditioned medium kills reci-
pient glioma cells when combined with lanatoside C
Previously, we have shown that lanatoside C (lan C) can sensitize glioma cells to
TRAIL-induced cell death, thus overcoming intrinsic resistance both in cell culture
and in a subcutaneous gliomamousemodel [11]. We have designed anAAVvector
to express a secreted soluble form of TRAIL (sTRAIL) [17, 18]. To confirm that
the AAV vector produces secreted active TRAIL, U87 cells were transduced with
AAV2-CBA-sTRAIL or AAV2-CBA-GFP control (referred to as AAV-sTRAIL or
AAV-GFP; Figure 2.1a) and conditioned medium was collected. This method
of gene transfer yields a TRAIL concentration of approximately 125 ng/mL in
the conditioned medium from AAV-sTRAIL transduced cells [17]. We treated
U87 cells with this conditioned medium or recombinant TRAIL protein alone or
in combination with lanatoside C. Treating with sTRAIL-containing conditioned
mediumdid not cause any cell death as compared to the control showing that these
cells are resistant toTRAIL (Figure2.1b). On the other hand, a significantly lower
number of viable cells (around 50%) were observed after treatment with 0.25 μM
lan C alone (p < 0.001), showing that lan C has some toxicity on U87 cells in
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culture at this dose (Figure 2.1b). Combining sTRAIL-containing medium and
lanC resulted in a significant decrease in cell viability between control-treated cells
(around 80%; p < 0.001), cells treated with AAV-sTRAIL alone (p < 0.001) or cells
treated with lan C alone (p = 0.0107; Figure 2.1b). A similar effect was observed
with recombinant TRAIL protein, with significantly less viable cells in the TRAIL
+ lan C treated wells compared to TRAIL treatment alone (p < 0.001). While U87
cells are resistant to TRAIL-induced cell death, GBM8 neural spheres were more
sensitive to sTRAIL and had higher response to lan C (Figure 2.1c). However,
combined treatment with lan C resulted in a significantly lower number of viable
cells compared to control medium alone (around 90%; p < 0.001), sTRAIL-
containing medium alone (p = 0.0014), and control medium + lan C (p = 0.0137;
Figure 2.1c). These results show that upon AAV transduction, sTRAIL is secreted
in an active form and can kill GBM cells in combination with lanatoside C.

Lanatoside C is a potent sensitizer of TRAIL-mediated cell death
in a GBM mouse model
We sought to test the effect of lan C on its ability to sensitize human GBM tumors
to sTRAIL delivered by AAVrh.8 vector (hereafter referred to as AAV-sTRAIL),
in an intracranial mouse model. The AAVrh.8 capsid was chosen for its excellent
ability to transduce normalmurine brain cells [5]. In thismodel, 105U87-FMcells
were stereotactically injected into the striatum of nudemice. Tumors were allowed
to form, as monitored by Fluc bioluminescence imaging. Ten days post-tumor
implantation, convection-enhanced delivery was used to inject the AAV-sTRAIL
vector into the mouse brain at the same coordinates that were used for tumor cell
implantation, which primarily results in the transduction of neurons and minimal
tumor cells [5]. Five days post-injection of AAV-sTRAIL, mice were randomized
into two groups (n = 6 per group) each receiving alternating treatment of lan C.
GroupA received daily i.p. injections of lanC(7.5mg/kg) for five dayswhile group
B received vehicle treatment. Next, GroupB received daily i.p. injection of lanC for
fivedays, while groupAwas takenoff thedrug. Finally, lanC treatmentwas stopped
in groupB,while groupAwas kept on lanC for the remainder of the study (15 days;
Figure 2.2a,b). In group A, all mice bearing intracranial U87 tumors responded
to lan C, as observed by a rapid 14-fold decrease in tumor-associated Fluc signal
after 5 days of treatment (Figure 2.2a). When taken off lan C, tumors started
to regrow very quickly and a significant 37-fold increase (p = 0.0190) in tumor
Fluc signal was observed. When lan C was re-administered to this group, tumor-
associated Fluc signal decreased 37-fold over time (p = 0.0365), and remained
stable until the end of the experiment (Figure 2.2a). On the other hand, tumor-
associated Fluc signal continued to increase in group B upon vehicle treatment,
reaching a15-fold increase in tendays postAAV-sTRAIL injection. When receiving
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lan C, a response to treatment was observed as a 17-fold decrease in the total Fluc
signal from the tumor. Once lan C treatment in group B was stopped, tumors
started to regrow, resulting in a significant 380-fold increase in tumor-associated
signal (p < 0.001) over the course of ten days (Figure 2.2b). All remaining mice
from both groups were sacrificed 40 days after tumor inoculation, with all mice
in group A showing no increase in tumor-associated signal, indicating signs of
stable disease (Figure 2.2a). Histology on brain sections using hematoxylin and
eosin (H&E) staining confirmed a visual difference in tumor size between the two
groups (Figure 2.2c). These results show that lanC could re-sensitize tumors with
acquiredTRAILresistance. As a control and to show that thedecrease inFluc signal
is not a lan C artifact on bioluminescence signal detection, we repeated the same
experiment as above but infused mice with a control AAVrh.8-CBA-GFP vector
(referred to as AAV-GFP). Five days post-vector implantation, lanatoside C was
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Figure 2.1: Conditioned media from cells transduced with AAV2-sTRAIL kills recipient
U87 glioma cells when used in combination with lanatoside C. U87 cells were transduced
with AAV-GFP (control) or AAV-sTRAIL, of which vector maps are shown in (a). Three
days later, conditioned medium was transferred onto non-transduced U87 cells. (b) U87 cells
show insensitivity to the treatment with TRAIL protein or AAV-sTRAIL medium alone, while a
significant decrease in cell viability is observedwhenTRAILprotein orAAV-sTRAIL is combined
with lanatoside C, compared to AAV-GFP control. (c) GBM8 cells neural spheres were found
to be sensitive to the treatment with lanatoside C or AAV-sTRAIL alone, but AAV-sTRAIL
combined with lanatoside C induced a significant decrease in cell viability, compared to AAV-
GFP control medium. Data presented as % cell viability in which the control group is set at 100%
(∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001).
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administered for 7 days, however, the tumor size continued to increase over time
significantly (p = 0.0246) showing that the AAV-GFP control vector combined
with lan C does not have any effect on tumor-associated Fluc signal (Figure 2.2d).
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Figure2.2: LanatosideCcycling resensitizesU87gliomacells toTRAIL-inducedapoptosis.
(a) Mice bearing U87-FM brain tumors were intracranially infused with AAV-sTRAIL vector.
Fivedays post-AAV-sTRAIL injection,micewere treatedwith lanatosideC for fivedays, thenwere
taken off the drug for five days, and then kept on lan C until the end of the study. (b) Same as (a),
except that ten days after AAV-sTRAIL injection, mice were treated with lan C for five days, and
then taken off the drug until the end of the study. (c) A representative H&E stained brain section
at the end of the study, of a mouse from each of the groups. (d) Similar to (a) and (b), except
that U87-FM tumors were intracranially infusedwith AAV-GFP control vector. Bioluminescence
imaging was used tomeasure tumor volume. A representativemouse from each group is shown at
each time point. Please note that all the time points in (a) and (d) and the first four time points
in (b) are in the range of 1×106–2×107 photons/second, while the last three time points in (b)
are in the range of 1×108–2×109 photons/second to prevent saturation of the signal.
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AAVrh.8-sTRAIL combined with lanatoside C decreases invasive
patient-derived GBM tumor growth leading to an increased
survival
Having demonstrated the sTRAIL-sensitizing effect of lanCon intracranial human
GBM tumors in vivo, we then evaluated this combined therapy in an invasive
patient-derived GBM orthotopic xenograft model using GBM8 stem-like cells cul-
tured as neural spheres [16]. As before, GBM8-FMneural spheres were stereotacti-
cally implanted in the striatumof nudemice. Fourteen days later,micewere imaged
for tumor-associated Fluc signal and divided into four groups such that the mean
signal in each group is similar (n = 8 per group; Figure 2.3 and Supplementary
Figure S2.1a). At day 22 post-tumor inoculation, where no significant difference
in mean Fluc signal was present between the groups (p = 0.9955; Supplementary
Figure S2.1a), convection-enhanced delivery was used to infuse mice brain with
1010 g.c. of vector at the site of tumor implantation. Daily i.p. injections of 7.5
mg/kg lan C were given to two of the groups, starting the day after AAV infusion,
with the treatment groups being as follows: (1) AAV-GFP + vehicle, (2) AAV-
GFP + lan C, (3) AAVsTRAIL + vehicle, (4) AAV-sTRAIL + lan C, (n = 8 per
group). Tumor volume was monitored once a week by Fluc imaging. After the
first week, the Fluc signal in the AAV-GFP + vehicle and AAV-GFP + lan C groups
had increased by 8.5-fold and 17-fold, respectively. In contrast, at the same time
point, theFluc signal inmice treatedwithAAV-sTRAIL+vehicle andAAV-sTRAIL
+ lan C groups showed a 4-fold and 7-fold decrease in Fluc signal, and therefore
tumor volume, respectively (Figure 2.3a,b). The two control groups reached a
maximum Fluc signal between two and three weeks post-treatment, after which
they were sacrificed due to reaching predetermined humane endpoint criteria. At
day 30, tumors treated with AAV-sTRAIL + vehicle started to re-grow, probably
due to acquired resistance of the tumor to sTRAIL, reaching a 20-fold increase in
Fluc signal over 4 weeks. Conversely, mice in the combination treatment group
(AAV-sTRAIL+ lanC) showed only a 1.5-fold increase in Fluc signal over the same
period (Figure 2.3a,b). At day 38 post-tumor implantation, an overall significant
difference in tumor-associated Fluc signal between all four groups was observed
(p = 0.0305). However, post-hoc analysis showed that individual differences
approached but did not achieve significance between the AAV-GFP + vehicle vs.
AAV-sTRAIL group (p = 0.0556) and the AAV-GFP + vehicle vs. AAV-sTRAIL +
lan C group (p = 0.0540).

An overall significant difference in survival between all groups was observed,
although the tumor signal eventually increased in the AAV-sTRAIL and AAV-
sTRAIL+ lanCgroups, regardless of therapy (p<0.0001). Between-groupanalysis
showed that there was no significant difference in survival between the AAV-GFP
+ vehicle vs. AAV-GFP + lan C group which shows that lan C on its own did not
provide a therapeutic benefit. On the other hand, a significant differencewas found
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Figure 2.3: AAVrh.8-sTRAIL combined with lanatoside C slows invasive primary glioma
growth. (a) Mice were intracranially injected with primary GBM8-FM stem-like glioma neural
spheres. After 21 days, mice were divided into four groups which were treated with AAV-GFP +
vehicle, AAV-GFP + lan C, AAV-sTRAIL + vehicle or AAV-sTRAIL + lan C. The arrow indicates
the start of treatment. (b)Weekly bioluminescence imagingwas used to assess tumor response to
treatment. A representativemouse at significant time points is shown. (c)Kaplan–Meier survival
curves for the different groups. (d,e) H&E staining of brain slices for the different groups. A
representative image is shown.

in the AAV-GFP + vehicle vs. AAV-sTRAIL + vehicle group (p = 0.0013), the
AAV-GFP + vehicle vs. AAV-sTRAIL + lan C group (p = 0.0006), the AAV-GFP
+ lan C vs. AAV-sTRAIL + vehicle group (p = 0.0004), and the AAV-GFP + lan
C vs. AAV-sTRAIL + lan C group (p = 0.0002) showing that sTRAIL provided
therapeutic benefit (Figure 2.3c). Surprisingly, there was no significant difference
between AAV-sTRAIL + vehicle vs. AAV-sTRAIL + lan C group which shows that
despite the decrease in tumor volume (as observed by Fluc imaging), the addition
of lan C did not provide survival benefit. Median survival was 43 days for the
AAV-GFP + vehicle group, 49 days for the AAV-GFP + lan C group, 74.5 days
for the AAV-sTRAIL + vehicle and 76.5 days for the AAV-sTRAIL + lan C group
(Figure 2.3c). To corroborate these findings ex vivo, histological analysis using
H&E staining on brains of mice in the different treatment groups was performed.
Mice treatedwith theAAV-GFP+vehicle control showed largemulti-lobed tumors
(Figure 2.3d). Large tumors at the injected side were also apparent in the AAV-
GFP + lan C treated mice (Figure 2.3d). In contrast, mice treated with AAV-
sTRAIL + vehicle hadmore diffuse tumors with a “ringlike” phenotype around the
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site of vector injection in the striatum. Secondary tumor masses were observed
away from the injection site, and tumor cell infiltration was found along the corpus
callosum (Figure 2.3d,e). In mice treated with both AAV-sTRAIL and lan C, no
visible tumormasses were observed at the site of vector injection showing efficient
therapy against the primary tumor mass, which confirms Fluc imaging, however,
tumor cells appeared to havemigrated away from the therapeutic zonewith highest
sTRAIL expression and secondary tumors were found more caudally, e.g. in the
hippocampus (Figure 2.3e).

Multi-site injection of AAVrh.8-sTRAIL combined with lanatoside
C combats invasiveness
The observation that GBM8 stem-like cells were able to escape the “zone of resis-
tance” around the tumor led us to hypothesize that multi-site injections of AAV-
sTRAIL around the tumor would prevent this by creating a larger barrier to tumor
growth. The same experiment as above was repeated and mice were divided into
four groups so that the average signal between groupswas similar (p> 0.9999; Sup-
plementary Figure S2.1b). At 21 days post-tumor implantation, three injections
were performed around the site of tumor implantation using convection-enhanced
delivery, to slowly infuse 1010 g.c. of AAV-GFP or AAV-sTRAIL vector at each site.
The next day, daily i.p. injection of lan C was initiated resulting in the following
treatment groups: (1) AAV-GFP + vehicle (n = 4), (2) AAV-GFP + lan C (n =
4), (3) AAV-sTRAIL + vehicle (n = 8), (4) AAV-sTRAIL + lan C (n = 8). After
the first week, the tumor-associated Fluc signal had increased 23-fold and 16-fold
in the AAV-GFP + vehicle and AAV-GFP + lan C groups, respectively. A peak
Fluc signal was reached in these groups two weeks post-treatment and these mice
were sacrificed due to humane endpoint (Figure 2.4a,b). At this time there was a
significant difference between all treatment groups (p = 0.0002; Supplementary
Figure S2.2a). The AAV-sTRAIL + vehicle group showed a significant decrease
in tumor growth as compared to the two control groups, and the addition of lan C
further enhanced this therapy. AAV-sTRAIL + vehicle and AAV-sTRAIL + lan C
groups increased only 2-fold and 1-fold, respectively, one week post-treatment and
the signal remained stable two-to-four weeks post-treatment. Finally, in the AAV-
sTRAIL + vehicle group, a 17-fold increase in tumor-associated Fluc signal was ob-
served four-to-sevenweeks post-treatment, and all remaining animals in this group
were sacrificed at this time after reaching the humane endpoint (Figure 2.4a). At
7 weeks post-treatment, there was a significant difference in tumor-associated Fluc
signal between the AAV-sTRAIL + vehicle vs. AAV-sTRAIL + lan C groups (p <
0.0001; Supplementary Figure S2.2a). In the AAV-sTRAIL + lan C group, the
signal had decreased 5-fold at four weeks compared to two weeks post-treatment.
Afterweek eight, however, a significant 14-fold increase in Fluc signal was observed
(p = 0.0067) and one week later (9 weeks post treatment), all remaining animals
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were sacrificed (Figure 2.4a) due to tumor burden.
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Figure 2.4: Multi-site injection of AAVrh.8-sTRAIL combined with lanatoside C extends
survival over AAV-sTRAIL alone. Mice bearing intracranial primary GBM8-FM stem-like
glioma tumor cells were infused with AAV-sTRAIL or AAV-GFP at three different sites around
the tumor. Each group of mice was then divided into 2 subgroups which either received vehicle
or lan C. (a,b) Weekly bioluminescence imaging was used to assess tumor response to treatment.
A representative mouse at significant time points is shown in (b). The arrow indicates the start
of treatment. (c) Kaplan–Meier survival curves for the different groups are shown. (d,e) H&E
staining of brain slices for the different groups. A representative image is shown.

Overall there was a significant difference in survival between all treatment
groups (p<0.0001). Analysis between groups showed that therewas no significant
difference in the AAV-GFP + vehicle vs. AAV-GFP + lan C groups, with a median
survival of 38 and 36 days, respectively. Differences in survival were significant in
the AAV-GFP + vehicle vs. AAV-sTRAIL + vehicle (p = 0.0006) and AAV-GFP
+ vehicle vs. AAV-sTRAIL + lan C (p = 0.0002) groups. Similarly, there was a
significant difference in the AAV-GFP + lan C vs. AAV-sTRAIL + vehicle (p =
0.0028) and AAV-GFP + lan C vs. AAV-sTRAIL + lan C (p = 0.0001) groups.
Finally, in contrast to the experiment with a single vector injection, there was a
significant difference in survival in the AAV-sTRAIL + vehicle vs. AAV-sTRAIL
+ lanC group (p= 0.0062; Figure 2.4c) with amedian survival of 66.5 and 79 days,
respectively. Histological analysis again showed large lobular tumors in the AAV-
GFP + vehicle and the AAV-GFP + lan C treated groups on H&E stained brain
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sections (Figure 2.4d). In mice treated with sTRAIL + vehicle, few visible tumor
cells were found at the site of tumor injection, with tumor cells migrating ventrally
and caudally (Figure 2.4d,e). No tumor cells were found at the injection site in
mice treated with AAV-sTRAIL + lan C, however, cells appeared to have migrated
away from the injection site towards the hippocampus (Figure2.4d,e). All of these
data suggest that multiple injection of AAV-sTRAIL vector is required to achieve
widespread gene delivery to treat GBM tumors in combination with lan C.

Discussion
The lack of successful novel treatments for glioblastoma (GBM) underscores the
complexity of this disease. TRAIL has been regarded as an anti-cancer agent,
however, some types of cancer, including gliomas, are resistant to TRAIL-induced
cell death [8–10]. This can be caused by downregulation of death receptors [20],
expression of decoy receptors on cells [21–23], deregulation of the mTOR signal-
ing pathway, which can result in overexpression of c-FLIP [9] and induction of NF-
κB byTRAIL [24, 25]. Through drug screening, we have previously shown that the
family of cardiac glycosides, including lanatoside C (lan C), sensitizes glioma cells
to TRAIL-induced cell death, partially through upregulation of death receptors
[11]. Cardiac glycosides have been recently shown to provide neuroprotection
against ischemic stroke [12, 13], suggesting efficient penetration of these drugs
to the brain. The major disadvantages of using TRAIL for brain tumor therapy
are its inability to cross the blood–brain barrier and its short half-life in vivo with
potential liver toxicity [14, 15]. To address these problems, we explored AAV-
mediated gene delivery of sTRAIL directly to the brain tumor milieu. Using this
approach, the brain parenchyma is engineered to synthesize and secrete soluble
TRAIL (sTRAIL), which can form a “zone of resistance” around the tumor. Direct
injection into the brain bypasses the blood–brain barrier, and as long as AAV-
sTRAIL is present, new sTRAIL will be synthesized, which can bind to death
receptors found only on GBM cells and not the normal brain. Co-administration
of lan C can then sensitize the resistant GBM cells to TRAIL-induced apoptosis.
Clinical trials have already evaluated the use of TRAIL, AAV vectors and lan C,
separately, and therefore this approach has the potential to be translated for use
in the clinic.

Another disadvantage of using TRAIL for cancer therapy is the ability of the
tumor to acquire resistance to this treatment. Here, we showed that lanatoside
C can sensitize GBM tumor cells to AAV-sTRAIL therapy. However, once mice
were taken off lan C therapy, the GBM tumor treated with AAV-sTRAIL started to
regrow, potentially due to acquired resistance. Importantly, lanC re-administration
could reverse this growth and re-sensitize the resistantGBMtumor cells to sTRAIL.
These results suggest that lan C could not only overcome intrinsic sTRAIL resis-
tance, but could restoreTRAIL-acquired resistance inGBM.The exactmechanism
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of GBM sensitization to sTRAIL by lan C is still unknown. In previous work, we
showed that lanatosideCupregulates death receptor 5 (DR5) onGBMcells, which
could be partially responsible for TRAIL sensitization [11]. Different TRAIL
sensitizers could affect different pathways leading to a more- or less-pronounced
effect on tumor regression. Combining lanCwith other sensitizers could therefore
be beneficial to achieve an even greater effect of TRAIL-induced apoptosis. For ex-
ample, the proteasome inhibitor bortezomib has been shown as an effectiveTRAIL
sensitizer on different glioma cell lines [26], through downregulation of c-FLIP
and increased expression of DRs [27] as well as activation of the NF-κB pathway.
Furthermore, the high basal level of NF-κB was an indication of resistance against
TRAIL-induced apoptosis, while no correlation was found between sensitivity of
the cells and expression of other pro- or anti-apoptotic proteins. This is in line with
the hypothesis thatNF-κB inhibition is important in TRAIL sensitization, which is
also observed in our studies with lan C [11, 26].

Oneof the current pitfalls in testing novelGBMtherapeutics is the use of in vivo
animal models that do not recapitulate a phenocopy of the human tumor. Typical
cell lines such as U87 form local tumors that do not invade the brain and therefore
do not mimic the behavior of human GBM. Thus, we tested the AAV-sTRAIL
and lan C therapy using primary cells dissociated from GBM patient specimen
and grown as stem-like cell neural spheres which invade the mouse brain upon
intracranial injection, similar to the original human tumor [16]. A single injection
of AAV-sTRAIL showed an initial tumor response, which eventually progressed
probably due to acquired resistance to sTRAIL. The addition of lan C showed an
enhanced GBM response to sTRAIL, but not an increase in overall survival due to
GBM cells escaping the “zone of resistance” around the vector injection site, with
the highest concentration of sTRAIL, as well as secondary tumor formation away
from the injection site due to tumor cell migration. On the other hand, multiple
vector injection prolonged mice survival even further in combination with lan C.
Interestingly, GBM cells appeared to have migratedmore caudally and towards the
ventral side of the brain in animals injected with AAV-sTRAIL. Due to the nature
of i.c. injections, sTRAIL might have had a stronger effect in the dorsal side of
the brain close to the injection site, where the highest concentration was present.
While both the single- andmulti-injection approach of sTRAIL combined with lan
C showed a modest survival benefit, animals eventually succumbed to the disease.
The invasive growth of GBM is a major problem in controlling this disease. Single
cells that escape the therapeutic zone of resistance can form a new tumor elsewhere
in the brain, as observed here, where tumor cells were found in the hippocampus.
Widespread expression of sTRAIL in the brain is probably necessary in order to
combat these invasive cells. One way of achieving this would be systemic injection
of an AAV vector that can bypass the blood–brain barrier (e.g. AAV9), which can
lead to widespread gene delivery in the brain [28–31].
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In conclusion, we developed an AAV serotype rh.8 vector to engineer the brain
parenchyma surrounding the tumor to synthesize and secrete sTRAIL, which in
turn finds and bindsDRs onGBMcells and kill them upon administration of lanC.
While GBM is intrinsically resistant to TRAIL therapy, or could acquire resistance
during treatment, co-administration of lanatoside C can re-sensitize these cells to
TRAIL-induced cell death. Treatment with AAV-sTRAIL alone or in combination
with lanatoside C resulted in a significantly improved survival in two different
mouse models, however, in both cases, mice eventually succumbed to the disease
due to migrating tumor cells. New methods for widespread gene delivery to the
brain would enhance GBM response to the combined sTRAIL and lan C therapy.
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Abstract
Adeno-associated virus (AAV) vectors expressing tumoricidal genes injected di-
rectly into brain tumors have shown some promise, however, invasive tumor cells
are relatively unaffected. Systemic injection of AAV9 vectors provides widespread
delivery to the brain and potentially the tumor/microenvironment. Here we
assessed AAV9 for potential glioblastoma therapy using two different promoters
driving the expression of the secreted anti-cancer agent sTRAIL as a transgene
model; the ubiquitously active chicken β-actin (CBA) promoter and the neuron-
specific enolase (NSE) promoter to restrict expression to the brain. Intravenous
injection of AAV9 vectors encoding a bioluminescent reporter showed similar dis-
tribution patterns, although the NSE promoter yielded 100-fold lower expression
in the abdomen (liver), with the brain-to-liver expression ratio remaining the same.
The main cell types targeted by the CBA promoter were astrocytes, neurons and
endothelial cells, while expression by NSE promoter mostly occurred in neurons.
Intravenous administration of either AAV9-CBA-sTRAIL or AAV9-NSE-sTRAIL
vectors to mice bearing intracranial patient-derived glioblastoma xenografts led to
a slower tumor growth and significantly increased survival, with theCBApromoter
having higher efficacy. To our knowledge, this is the first report showing the
potential of systemic injection of AAV9 vector encoding a therapeutic gene for the
treatment of brain tumors.
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Introduction
In recent years, adeno-associated virus (AAV) vectors have gained an increasing
attention as a gene therapy vector for several diseases, someofwhichhavemade it to
clinical trials [1]. The first approved AAV-based gene therapy in theWestern world
is alipogene tiparvovec for the treatment of lipoprotein deficiency, which shows
that this approach can be successfully and safely applied tomonogenic diseases [2].
Additionally, AAV vectors for the treatment ofmore complex diseases such as heart
failure have seen some success in clinical trials [3, 4], andmany advances are made
using these vectors as cancer therapeutics [5].

Glioblastoma (GBM) is themost common and highest-grademalignant prima-
ry brain tumor in adults. Despite aggressive therapies, median survival is generally
just over one year following diagnosis [6]. This underscores the need for novel
treatments to be developed. Tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) is considered as a potent anti-cancer agent, capable of inducing
cell death in a variety of tumor cells, including GBM [7–10]. Direct intracranial
injection of different AAV vectors into the primary tumor mass have been used for
the treatment of GBM (and other brain tumors) with some success, however, due
to the invasive nature of this type of cancer, tumor recurrence is typically observed
showing that a vector with widespread gene delivery in the brain is required for
efficient therapy [11–13].

AAV9 serotype is very efficient in transducing cells in vivo, and has been shown
to cross the blood–brain barrier (BBB) upon intravenous injection, making it an
ideal candidate for whole brain transduction and potential gene delivery to brain
tumors [14–19]. However, AAV9 shows high tropism towards the liver, whichmay
cause off-target toxicity and limit the potential therapeutic effect [18, 20, 21]. In
order to restrictAAV-mediated expression to thebrain/tumor environment, a brain
cell-specific promoter could be used, such as the neuron-specific enolase (NSE)
promoter, which is predominantly active in neurons, thus limiting expression in
other cell types/tissues [22, 23]. The aim of the current study was to evaluate
systemic injection of AAV9 vector expressing a therapeutic gene (secreted soluble
TRAIL as a model) under the control of either a constitutively active promoter or
neuron-specific promoter for potential therapy of tumors in the brain.
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Materials & methods
Cloning
The pAAV-NSE-Fluc vector was constructed by digesting pAAV-NSE-GFP
[24] and pAAV-CBA-Fluc [25] with NheI and SacI (New England Biolabs,
Ipswich, MA), replacing GFP with Fluc. The pAAV-CBA-sTRAIL vector has
been previously described [26, 27]. From this vector, sTRAIL was amplified
by polymerase chain reaction (PCR) using the following primers: AgeI for-
ward 5′-GACACCGGTGACGCCGCCACCATGACAG-3′ and SpeI reverse 5′-
GGACTAGTTTAGCCAACTAAAAAGGCCCCGAA-3′. After digesting sTRAIL
with AgeI and SpeI, respective inserts were ligated into a similarly digested pAAV-
NSE-GFP, generating pAAV-NSE-sTRAIL.

Cell culture and viral vector production
293T cells, for AAVproduction, obtained fromAmericanTypeCultureCollection
(ATCC, Manassas, VA) were cultured in high-glucose Dulbecco’s modified eagle
medium (DMEM; Invitrogen, Carlsbad, CA) supplementedwith 10% fetal bovine
serum (FBS; Sigma, St. Louis, MO), 100U of penicillin/0.1 mg/mL streptomycin
complex (Pen/Strep; Invitrogen,Carlsbad,CA).Primary stem-likeGBM8glioblas-
toma cells [28] were cultured as neurospheres in serum-free NeuroCult NS-A
BasalMediumwith Proliferation Supplement (StemCell Technologies, Vancouver,
BC), supplemented with 20 ng/mL recombinant epidermal growth factor (EGF;
R&DSystems,Minneapolis,MN), 10ng/mLbasic fibroblast growth factor (bFGF;
Peprotech, Rocky Hill, NJ), and 2 μg/mL heparin (Sigma). All cells were cultured
at 37 ◦C under 5% CO2 humidified atmosphere.

AAV vectors were produced as previously described [29]. Briefly, triple
transfection of 293T cells using calcium phosphate precipitation was used with
AAV2 ITR-containing single-stranded transgene plasmid, mini-adenovirus helper
plasmid pFD6, and pH22 (AAV2 capsid; for in vitro use) or pAR9 (AAV9 capsid;
for in vivo use) rep/cap plasmid. Three days later, the cells were harvested, lysed by
freeze/thaw, and AAV was purified using iodixanol density gradient ultracentrifu-
gation, resulting in typical yields of 1013 genome copies per mL (g.c./mL).

Cell viability assay
For production of sTRAIL protein, 4×105 293T cells per well were plated in a 12-
well plate. The next day, cells were transduced with 1×104 g.c./cell AAV2-NSE-
Fluc (control), AAV2-NSE-sTRAIL, or AAV2-CBA-sTRAIL. We have previously
shown that the NSE promoter is active in 293T cells [24]. The day after 293T
cell transduction, 5×103 GBM8 cells were plated in each well of a 96-well plate.
Two days later, conditioned medium from 293T producer cells was harvested and
added to the GBM8 cells for all conditions in triplicate. Twenty-four hours after
treatment, quantification of cell viability andATP detection inmetabolically active
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cells was performed using the commercially available CellTiter-Glo™ assay as per
manufacturer’s protocol (Promega, Madison, WI). Readout of relative light units
(RLUs) was performed using a luminometer (Dynex Technologies, Chantilly, VA)
and control samples were used to assess background signal in the medium and cell
viability in each treatment group. After subtraction of background, the mean RLU
per group was plotted as a percentage, with the control group set at 100%.

GBM animal models and bioluminescence imaging
All animal experiments were approved by the Massachusetts General Hospital
(MGH) subcommittee onResearchAnimalCare and performed according to their
guidelines and regulations. Female athymic nude mice of 6–8 weeks old, weighing
20–25 g, were obtained from MGH research animal services, and housed at their
animal facility. For tail vein injections, each mouse was placed in a restrainer
(Braintree Scientific, Braintree,MA); the tail waswarmed up in a beakerwithwater
at 40 ◦C and swabbed with alcohol. Mice were injected i.v. with a 200 μL mixture
of PBS containing 1.5×1012 g.c./kg of either AAV9-CBA-Fluc or AAV9-NSE-
Fluc vector, or 5×1013 g.c./kg of AAV9-CBA-GFP or AAV9-NSE-GFP vector, or
2×1013 g.c./kg of AAV9-CBA-sTRAIL or AAV9-NSE-sTRAIL vector.

TogenerateGBMmodels,micewere anesthetizedwith amixture of 100mg/kg
ketamine and 5 mg/kg xylazine in 0.9% sterile saline. Mice were placed in a
stereotaxic frame and intracranially injected with 2×104 GBM8-Fluc cells using
a Micro 4 Microsyringe Pump Controller (World Precision Instruments, Sarasota,
FL) attached to a Hamilton syringe with a 33-gauge needle (Hamilton, Reno,
NV), at the following coordinates inmm frombregma: +0.5 antero-posterior, +2.0
medio-lateral, -2.5 dorso-ventral.

To assess the transduction efficiency of AAV9-Fluc vectors or GBM8-Fluc
tumor growth, Fluc expression in mice was imaged noninvasively using a Xenogen
IVIS® Spectrum charge-coupled device (CCD) camera (Caliper Life Sciences,
Hopkinton, MA), equipped with an XGI-8 gas anesthesia system. Mice were
anesthetized with 2.5% isoflurane in oxygen and the Fluc signal was acquired 10
minutes after i.p. injection of 200 mg/kg D-luciferin (Gold Biotechnology, St.
Louis, MO) using the auto-exposure function. For AAV9-Fluc vectors, the dorsal
and ventral sides of mice were imaged for Fluc expression. The Living Image®
software package was used to draw a region of interest (ROI) around the abdomen
or the head of mice and to quantify intensity of luminescent signal.

Tissue homogenates
Twenty days after AAV9-Fluc vector injections (n = 4 per group), mice were
anesthetized and sacrificed by i.p. injection with an overdose mixture of ketamine
(300 mg/kg) and xylazine (15 mg/kg) in sterile 0.9% saline. Liver and brain were
harvested, snap frozenon liquidnitrogen and stored at−80 ◦C.For ex vivo assays, 50
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mgof each tissue was lysed in a 96-deepwell plate (Nunc/Thermo Fisher Scientific,
Waltham, MA) by adding a stainless steel bead (Qiagen, Valencia, CA) and 500
μL of Mammalian Protein Extraction Reagent (M-PER; Pierce Biotechnology,
Rockford, IL) and homogenized using the TissueLyser II (Qiagen) at 7.0 Hz
for four times 3 minutes. The adapter holding the plate was inversed each time
to ensure proper lysing. Next, the plate was centrifuged for 5 minutes at 1200
rpm. The Bradford assay (Bio-Rad Labs, Hercules, CA) was performed according
to manufacturer’s protocol to quantify protein amounts in each sample. Each
homogenized sample was diluted 1 to 50 in order to be in the linear range of
the microplate standard assay. For the Fluc assay, 20 μL of each homogenized
tissue was transferred to a 96-well white bottom place. The luminometer (Dynex
Technologies, Chantilly, VA) was programmed to add 100 μL of Bright-Glo Fluc
substrate reagent (Promega, Madison, WI) to each well and analyze the signal
during a ten-second integrated reading. Individual values of milligram protein and
Fluc RLU for each tissue sample were obtained. After subtraction of background,
the RLU/mg protein was calculated for matched samples.

Fluorescence, histology, and immunohistochemistry
Fifteen days post-i.v. injection of 5×1013 g.c./kg AAV9-CBA-GFP or AAV9-NSE-
GFP (n = 3 per group), mice were anesthetized and transcardially perfused with
PBS for 3 minutes to flush out the blood, followed by 4% paraformaldehyde (PFA;
Affymetrix/USB Products, Santa Clara, CA) for 7 minutes to fix tissues. The brain
and liver from each mouse were harvested, postfixed for 24–48 hours in 4% PFA
at 4 ◦C and then transferred to 30% sucrose in PBS for 48–72 hours at 4 ◦C for
cryoprotection. Tissues were embedded in Neg-50 frozen sectionmedium (Fisher
Scientific, Pittsburgh, PA) using a dry ice/2-ethyl-butanol bath and mounted in
a Microm HM550 cryostat (Thermo Scientific, Kalamazoo, MI). Throughout the
entire brain or liver, one-in-five 40 μm-thick coronal sections were collected in two
(liver) or three (brain) consecutive series, transferred to a 24-well plate containing
PBS kept on ice, and stored at 4 ◦C. Immunofluorescence was performed on free-
floating sections. The sections were permeabilized using 0.5% Triton X-100 in
PBS and nonspecific binding was blocked with 5% normal goat serum (NGS) in
PBS. Primary antibody specific for GFP (rabbit anti-GFP, ABfinity, 1:400; Life
Technologies, Carlsbad, CA)was diluted in 1.5%NGS in PBS and incubated for 60
hours at 4 ◦C in stir-ring condition. Next, 1:1000 diluted secondary antibody (goat
anti-rabbit Alexa Fluor 488, Cell Signaling, Danvers,MA)was incubated for 1 hour
at room temperature in stirring condition. Nucleic staining was performed with
DAPI, and, after final washes in PBS, sections were carefully mounted onto slides
using a brush and dried overnight. Finally, fluorescence mounting medium (Dako
North America, Carpinteria, CA) was applied and sections were covered with a
coverslip. Once the mounting medium dried, slides were viewed under a Zeiss
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AxioObserver Z1 fluorescence microscope (Carl Zeiss Microscopy, Thornwood,
NY) with an automated stage for capturing images using the Zen software package
(Carl Zeiss Microscopy, Thornwood, NY). Cell type was determined based on
morphology. The number of GFP+ cells for each cell type was counted per section
and then averaged over the total area in mm2.

Statistics
Statistical analysis was performed using GraphPad Prism (v6.01; LaJolla, CA).
A p value ≤ 0.05 was considered statistically significant. To compare promoter
differences between tissues or between days, a two-way analysis of variance was
used followed by a Sidak Multiple Comparison test to compare individual groups.
Otherwise, comparisons between two samples were analyzed using an unpaired
two-tailed t-test. For analysis between multiple groups, a one-way analysis of
variance was performed, again followed by a Sidak Multiple Comparison test.
Survival was analyzed using Kaplan-Meier curves and log-rank (Mantel-Cox) tests
to compare all or individual groups.

Results
AAV9 transgene expression driven by different promoters has a
similar kinetics profile
We cloned the Firefly luciferase bioluminescent reporter under the control of ei-
ther a constitutively active CBA promoter or neuron-specific NSE promoter and
packaged them into AAV9 vector generating AAV9-CBA-Fluc and AAV9-NSE-
Fluc (Figure 3.1a). Athymic nude mice (n = 4 per group) were then injected
i.v. via the tail vein with 1.5×1012 g.c./kg of each vector and bioluminescence
imaging (BLI) was performed at three and twelve days post-injection to quantify
the distribution of transgene expression. Widespread delivery of both vectors
was observed throughout the animal’s body at both time points (Figure 3.1b).
Analysis of the signal from the head and the abdomen of mice at the two time
points showed that, at twelve days post administration, AAV9-NSE-Fluc vector
yielded an average of 100-fold lower BLI signal in the abdomen (p = 0.0171) as
well as the brain (p = 0.0193) of mice compared to the AAV9-CBA-Fluc vector,
indicating that the NSE promoter could be used to decrease transgene expression
and potential cytotoxicity in the liver and other tissues (Figure 3.1b,c). Despite
the difference in transgene expression, both vectors yielded a similar expression
kinetics profile without significant differences in absolute brain-to-liver expression
ratios (Figure 3.1d). To confirm these results ex vivo, mice were sacrificed 20 days
post injectionof either vector, and thebrain and liverwereharvested, homogenized,
and analyzed for Fluc expression (normalized to total amount of protein). In line
with the expression ratio results obtained by BLI (Figure 3.1d), an average of 10-
fold lower signal in both liver (p=0.004) and the brain (n.s.) was observedwith the

73



333

Chapter 3

NSE promoter compared to the CBA promoter (Figure 3.1e), with no significant
differences in the brain-to-liver ratio between both vectors (Figure 3.1f).
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Figure 3.1: Expression profile and quantitation of adeno-associated virus (AAV)9-
mediated bioluminescence expression using chicken β-actin (CBA) or neuron-specific
enolase (NSE) promoters. (Continued at the bottom of page 75).
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NSE promoter in AAV9 vector transduces mainly neurons in the
brain upon i.v. injection
The observed decreased overall expression of the AAV9-NSE-Fluc vector could be
due to several factors, including a lower number of cells transduced, expression
level per cell, or both. To confirm cell-type selectivity of the NSE promoter, we
generatedAAV9 vectors expressingGFP under either promoter (AAV9-CBA-GFP
andAAV9-NSE-GFP;Figure3.2a). These vectorswere injected i.v. intonudemice
(n=3per group) at a dose of 5×1013 g.c/kg. Twoweeks post-vector injection,mice
were sacrificed, and the brain and liver were collected, sectioned and stained for
GFPexpression. Inmice injectedwithAAV9-CBA-GFP, expressionofGFPwasde-
tected in endothelial cells, neurons and astrocytes in the brain (Figure 3.2b). On
the other hand, and as expected, the most common cell type with GFP expression
in the brain of mice injected with AAV9-NSE-GFP were neurons (Figure 3.2c).
In these mice, some dim GFP expression was also observed in endothelial cells
while no GFP expression correlated with astrocytes. Furthermore, GFP staining
in AAV9-NSE-GFP mice brains coincided mostly with NeuN staining and not
with GFAP staining (Supplementary Figure S3.1), demonstrating that indeed
neurons were transduced. Liver sections showed GFP staining, although it was
morewidespread and intense in sections frommice injectedwithAAV9-CBA-GFP
vector compared to those injected with AAV9-NSE-GFP vector (Figure 3.2b,c).
Wealsoquantified thenumberofGFP+ cells in three sections and averaged the total
number of GFP+ cells per mm2 showing no significant differences in the number
of GFP+ neurons, however significantly more astrocytes (p < 0.01) and liver cells
(p < 0.05) expressed GFP in mice injected with AAV9-CBA-GFP as compared to
AAV9-NSE-GFP (Figure 3.2d).

Figure 3.1 (Continued): Plasmids were designed for the production of AAV9-CBA-Fluc or
AAV9-NSE-Fluc (a). Female nudemice (n= 4 per group)were injectedwith 1.5×1012 g.c./kg of
each vector and images were taken from the dorsal side and ventral side at three and twelve days
after administration. A representative mouse at each time point is shown for AAV9-CBA-Fluc
(b, left panel) and AAV9-NSE-Fluc (b, right panel). At 3 and 12 days post vector administration,
quantification of the average radiance showed that there is a 100-fold higher signal from the head
and abdomen (c) in mice injected with AAV9-CBA-Fluc compared to AAV9-NSE-Fluc. No
differences in head-to-abdomenROI ratios were found (d). Tissue homogenates showed 10-fold
higher relative light units (RLU)/mg in the brain and liver of mice injected with AAV9-CBA-
Fluc compared to AAV9-NSE-Fluc (e), with no significant differences in the brain-to-liver tissue
homogenate ratios (f). Note the scale difference between left and right axis in c and e (∗p < 0.05,
∗∗p < 0.005).
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Figure 3.2: Brain cell specificity and liver expression with AAV9-CBA-GFP or AAV9-NSE-
GFPvector. Micewere injected i.v. with 5×1013 g.c./kgofAAV9-CBA-GFPorAAV9-NSE-GFP
vector (a), perfused 2weeks later and brains and livers were harvested and stained for GFP. In the
brains of mice injected with AAV9-CBA-GFP (b, top panel), astrocytes (1), neurons (2) and
endothelial cells (3) clearly expressed GFP, while primarily neurons (2) expressed GFP in brains
ofmice injectedwithAAV9-NSE-GFP(c, toppanel). Both vectors efficiently transducedneurons
and expressed GFP. Expression of GFP was also detected in the liver, with higher expression in
the livers ofmice injectedwithAAV9-CBA-GFP (b, lower panel) thanAAV9-NSE-GFP (c, lower
panel). Scale bar: 50 μm. Quantitation of GFP+ cells was averaged over three sections and the
number of GFP+ cells per mm2 was calculated and plotted (d) (∗p < 0.05, ∗∗p < 0.01).
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Intravascular administration of AAV9-sTRAIL vectors inhibits
GBM growth in a patient-derived orthotopic xenograft
mouse model
In order to assess the potential use ofAAV9vector for systemic delivery of therapeu-
tics to brain tumors, we used the secreted soluble variant of TRAIL as a transgene
model and cloned it under the control of NSE or CBA promoter (AAV-CBA-
sTRAIL or AAV-NSE-sTRAIL; Figure 3.3a). Initially, to assess that sTRAIL is
secreted in an active form using both constructs, we packaged them into an AAV2
vector and then transduced 293T cells with either vector or AAV2-NSE-Fluc as a
control. Conditioned medium from these cells were collected and used to treat
primary GBM neurospheres in triplicate. The AAV-NSE-Fluc control medium
had no effect on cell viability. On the other hand, a significantly lower number
of viable cells were observed in wells treated with AAV2-CBA-sTRAIL medium,
killing 60% of GBM neurospheres as compared to the control group (p = 0.0008)
as well as in GBM neurospheres treated with AAV2-NSE-sTRAIL medium (p =
0.0006; Figure 3.3b).
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Figure 3.3: Cells transduced with AAV-CBA-sTRAIL or AAV-NSE-sTRAIL secrete TRAIL
in an active form. 293T cells were transduced with either AAV2-CBA-sTRAIL, AAV2-NSE-
sTRAIL (a) or AAV2-NSE-Fluc control vector. Three days later, conditioned medium was
transferred to wells containing GBM neurospheres, and the next day cell viability was measured
(b). GBM cell viability decreased significantly in wells treated with AAV2-CBA-sTRAIL or
AAV2-NSE-sTRAIL compared to control wells (∗∗p < 0.001).

We then assessed whether systemic delivery of AAV9-sTRAIL could target
the brain tumor environment, while evaluating both CBA and NSE promoters
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to drive sTRAIL transgene expression, to determine if a restricted promoter also
has a similar therapeutic effect in vivo. For evaluation of these vectors, we used
an invasive patient-derived xenograft orthotopic mouse model [11, 28]. Mice
were intracranially injected in the left striatum with 2×104 primary GBM stem-
like cells cultured as neurospheres and expressing Firefly luciferase (GBM-Fluc).
Twenty-eight days post-tumor cells implantation, mice were pseudo-randomized
into treatment groups so that each group had a similar average Fluc signal (p >
0.9999; Figure 3.4 and Supplementary Figure S3.2) and each group received
an i.v. injection of 2×1013 g.c./kg of either AAV9-CBA-GFP (control, n = 5),
AAV9-CBA-sTRAIL (n = 10) or AAV9-NSE-sTRAIL (n = 10). Tumor volume
was monitored weekly by Fluc bioluminescence imaging. After the first week post-
vector injection, the Fluc signal in the control group had increased significantly,
compared to the AAV9-NSE-sTRAIL group (p = 0.0419) and compared to the
AAV9-CBA-sTRAIL group (p = 0.0356), but there was no significant difference
between both treatment groups (Figure 3.4a,b). Between 2 and 3 weeks post-
vector injection, all mice in the control group had reached their maximum Fluc
tumor signal, after which they were sacrificed due to predetermined humane
endpoints. Imaging showed that tumors in both the AAV9-NSE-sTRAIL group
and AAV9-CBA-sTRAIL group continued to slowly grow, with the former group
showing slightly more growth. However, no significant differences were found at
any time point in the Fluc signal between AAV9-NSE-sTRAIL and AAV9-CBA-
sTRAIL groups.

Survival analysis showed that there was an overall significant difference be-
tween all groups (p < 0.0001). Post-hoc analysis showed that the survival of
control mice was significantly shorter than that of mice treated with AAV9-NSE-
sTRAIL (p = 0.0002) and those treated with AAV9-CBA-sTRAIL (p < 0.0001).
This shows that sTRAIL treatment using i.v. administered AAV9 vectors under
either promoter provided a therapeutic benefit. Although there was a trend for
longer survival in mice treated with AAV9-CBA-sTRAIL as compared to AAV9-
NSE-sTRAIL, there was no significant difference between the two vector-treated
groups (p = 0.0998), despite the fact that Fluc imaging showed a larger tumor size
in mice treated with AAV9-NSE-sTRAIL, and that these mice subsequently died
sooner. Median survival for the control group was 38 days, while mice treated with
AAV9-NSE-sTRAIL or AAV9-CBA-sTRAIL had a median survival of 47 and 54.5
days, respectively (Figure 3.4c). Furthermore, a small subset of mice (n = 3) with
AAV9-CBA-sTRAIL survived out to the predetermined endof the study (135days;
Figure 3.4c). This indicates a trend for longer survival in mice treated with the
vector using the CBA promoter over the NSE promoter. To our knowledge, this is
the first report showing systemic injection of an AAV vector to treat tumors in the
brain.

Next, we performed ex vivo histological analysis using H&E staining and Ki-67
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staining for cell proliferation on brains of mice sacrificed at 6 weeks post-tumor
inoculation. In addition, as TRAIL might induce hepatotoxicity and AAV9 is
known to efficiently transduce cells in the liver, we also performed H&E staining
on liver sections to establish whether this therapy caused any histopathological
changes. Gross histological analysis did not reveal any visible differences in liver
sections across the different groups (Supplementary Figure S3.3). Large tumors
were found at the injection site in the brains of mice from the control group. In
contrast, much fewer tumor cells were visible on H&E stained sections of mice
brains in the AAV9-NSE-sTRAIL or AAV9-CBA-sTRAIL groups (Figure 3.4d).
Ki-67 staining often matched H&E staining and was observed around tumor sites
in all brain sections, indicating actively proliferating cells (Figure 3.4d).
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Figure 3.4: Systemic delivery of AAV9-sTRAIL slows invasive GBM tumor growth in the
brain. Mice were intracranially injected with patient-derived GBM stem-like neurospheres
expressing Fluc (GBM-Fluc). Twenty-eight days later, mice were randomized into three groups,
whichwere i.v. injectedwith 2×1013 g.c./kg of eitherAAV9-GFP control, AAV9-NSE-sTRAILor
AAV9-CBA-sTRAIL. (a)Weekly bioluminescence imaging was used to monitor tumor response.
Arrow indicates the start of the treatment. (b) A representative bioluminescence image of a single
mouse fromeach group is shown at different timepoints. (c)Kaplan-Meier survival curves for the
three different treatment groups. (d) H&E and Ki-67 staining of brain sections. A representative
section of a mouse from each group is shown at six weeks post-tumor inoculation.
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Discussion
The use of AAV as a preclinical gene therapy delivery vector has resulted in signifi-
cant successes [1]. The ability of AAV9 to efficiently pass the BBB after intravascu-
lar (i.v.) administrationmakes this serotype uniquely suited for gene therapy of the
CNS, particularly the brain [16, 18]. GBM is an aggressive form of primary brain
cancer that is notoriously resistant to therapies. The presence of death signaling
receptors on the membrane of GBM cells makes their ligand, TRAIL, a potential
therapy. Unfortunately, the short half-life and its inability to cross the blood–brain
barrier are a major problem when using recombinant TRAIL protein for therapy
in the brain [30, 31]. AAV vectors encoding TRAIL have been utilized for the
treatment of many forms of cancer, althoughmost studies use intratumoral or near-
tumor administration [32–34] rather than systemic administration [35, 36]. In
case of the brain, systemic delivery is hampered due to limited BBB penetration
and subsequent poor brain distribution of many AAV vectors and TRAIL protein
[11, 21, 30]. Here we used i.v.-administered AAV9 vectors for delivery of sTRAIL
(as a transgene model) to the primary tumor mass and infiltrating tumor cells
in the brain. Although TRAIL’s proapoptotic effects are confined to tumor cells
[37–39], high levels of TRAIL or other transgene expression in the liver [21, 40]
become a concern leading to toxicity [41, 42]. To overcome potential liver toxicity,
we used the neuron-specific enolase (NSE) promoter, predominantly active in
neurons [22], and compared it to the ubiquitously active chicken beta-actin (CBA)
promoter. Our data show that the NSE promoter reduced transgene expression in
the brain and the liver by at least 10-fold compared to the CBA promoter, although
the brain-to-liver ratio remained the same. This is likely due to the fact that in
adult mice, AAV9 primarily transduces astrocytes [17]. By restricting expression
to mostly neurons in the brain, we likely lowered the overall transgene expression
levels in the brain. Indeed, we observed that while the CBA promoter leads to
expression in most cell types in the brain, most notably neurons, astrocytes and
endothelial cells, theNSEpromoter leads to amore confined expression in neurons
with low expression in endothelial cells and much less expression in the liver.
Further, the NSE promoter may also be weaker on a per neuron basis than the
CBA promoter, in line with other studies [43, 44]. In the future, we may be able
to maintain high expression of transgene in the brain and lower expression in the
liver by employing miR122 target sites into the 3’UTR of the transgene cassette as
previously described [45].

We have previously shown that intracranially administered AAVrh.8-sTRAIL
was capable of combating primary GBM tumormass in a nudemouse model, how-
ever, single vector injection was not able to combat invasive cells, which managed
to escape the zoneof resistance and formanew tumor elsewhere in themouse brain
leading to tumor recurrence [11]. In addition to intracranial injections being a labo-
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rious procedure, i.v. administration of a therapeutic vector with widespread CNS
transduction would be advantageous since it could target both the primary tumor
mass as well as infiltrative tumor cells in the brain. Indeed, a single i.v. injection of
either AAV9-CBA-sTRAIL or AAV9-NSE-sTRAIL vectors lead to a significantly
slower tumor growth and increase in survival rate as compared to mice treated
with AAV9-CBA-GFP control vector. Although there was a general trend in slower
tumor growth and increase in survival of mice treated with AAV9-CBA-sTRAIL
as compared to AAV9-NSE-sTRAIL vector, there were no significant differences
between both groups showing the efficacy of neuron-specific promoter with lower
liver transduction in combating aggressiveGBMcells. Toour knowledge, this is the
first report showing that systemic injection of an AAV vector could treat tumors in
the brain using a brain-specific promoter with lower liver expression.

Massive invasion of the brain is a major problem in controlling GBM growth.
Unfortunately, this therapy did not sufficiently inhibit the spread of GBM cells to
other parts of the brain, away from the primary tumor site and eventually all mice
died. Additionally, resistance to therapy (including TRAIL) is a major problem for
the treatment of GBM [46–48]. We initially tried a relatively low dose of AAV9-
sTRAIL (2×1013 g.c./kg). A higher dose of AAV9-sTRAIL or multiple rounds of
therapy, combined with TRAIL-sensitizing agents [49–52], may achieve a greater
benefit for inhibiting the invasive growth of GBMand prevent intrinsic or acquired
TRAIL resistance. TRAIL did not appear to have affected the liver, as there was
no indication of liver toxicity in both AAV-sTRAIL-treated groups as observed in
the H&E stained sections. Therefore, promoter restriction might not be necessary
for limiting TRAIL expression in non-target tissues such as the liver (at least in
mice). However, restricting transgene expression of TRAIL from liver could still
be a concern due to cell-mediated immunity against AAV capsid or the transgene
[40, 53], especially in patients with underlying liver pathologies [54].

In conclusion, systemically-delivered AAV9 encoding a therapeutic protein is
a promising approach to GBM therapy. Future experiments using higher vector
doses, different transgene expression cassettes, combined with TRAIL-sensitizing
compounds should lead to a more pronounced survival benefit.
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Supplementary Figure S3.1: GFP expression and co-staining in brain sections of mice
injected with AAV9-NSE-GFP. Staining (red) of different sections was performed for GFAP
(astrocytes, 1) and NeuN (neurons, 2). Co-localization with GFP (green) shows that AAV9-
NSE-GFP expression occurred in neurons but not in astrocytes.
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Supplementary Figure S3.2: Pseudo-randomization before the start of different treatment.
Mice were divided into three treatment groups so that the average tumor-associated Fluc signal
for each group was equal (p > 0.9999).
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Supplementary Figure S3.3: H&E staining of liver sections. A representative liver section of
a mouse from each group is shown at six weeks post tumor inoculation.
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Abstract
Vectors based on adeno-associated virus serotype 9 (AAV9) cross the blood-brain
barrier andmediate efficient gene expression in themammalianbrain. Weobserved
that intravenous injection of single-stranded AAV9 encoding the reporter genes
Firefly luciferase and green fluorescent protein yielded higher transgene expression
in the brain of femalemice compared tomalemice. This observationwas consistent
in two strains of mice (nude and C57BL/6) and was correlated with an increased
number of AAV genomes in female brain compared to males. Increased numbers
of GFP positive astrocytes and neurons were also detected in female brains. These
observations stress the importanceof carefullymatchinggroups for gender andmay
also have implications for improving gene expression in animals of themale gender.
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Introduction
Adeno-associated virus serotype 9 (AAV9) has shown remarkable efficiency in
transducing organs in vivo including the heart, liver, and brain [1–6]. Recently,
AAV9 has gained renewed interest due to its ability in crossing the blood-brain
barrier upon intravenous injection [7–12]. In adult mice, AAV9 was shown to
preferentially transduce endothelial cells, astrocytes, and neurons after intravenous
injection [10]. The implications of these findings are enormous: a noninvasive
route of administration and widespread gene delivery to the brain. Complete
characterization of the gene transfer properties of AAV9, including kinetics of
expression, immunogenicity, and biodistribution in different species will be nec-
essary for clinical translation.

Here we show that intravenous injection of single-stranded AAV9 encoding
the reporter genes Firefly luciferase (Fluc) and green fluorescent protein (GFP)
yielded higher transgene expression in the brain of females compared with male
mice. This observation was consistent in two strains of mice (nude and C57BL/6)
andwas correlatedwith an increased number of AAV genomes in the female brains.
These findings stress the importance of propermatching ofmice gender in different
experimental groups when using systemic injection of AAV9.

Methods & Results
Age-matched (6–8 weeks) male and female athymic NU/NU nude mice and
C57BL/6Nmicewere injected intravenously (through the tail vein)with 1.5×1012

gene copies (g.c.)/kg of single-stranded AAV9 vector encoding Fluc, driven by the
ubiquitously active cytomegalovirus/chicken beta-actin (CBA) hybrid promoter
(AAV9-Fluc). The transduction efficiency of AAV9 in the brain and abdomen was
monitored 7 and 14 days later using bioluminescence imaging (BLI).We observed
a higher bioluminescent signal in the head region of females compared with males
in both strains of mice and at both time points (Figure 4.1a,b). In contrast to the
bioluminescent signal in the head region, and in support of previous reports [13–
15], the Fluc signal from the abdomen (most likely liver) was lower in female mice
than in males (Supplementary Figure S4.1).

In another set of mice, we performed a kinetic analysis of luciferase expression
in the head and liver in both male and female nude and C57BL/6N mice over a
4–week period. We observed a stable luminescence expression in the head of nude
and C57BL/6N mice, whereas the abdomen values showed more variability over
time in both strains (Supplementary Figure S4.2). Next we confirmed the BLI
results by direct analysis of Fluc enzymatic activity in the brain regions from dead
animals, ex vivo. Consistent with BLI, the Fluc levels in the cortex, cerebellum, and
olfactory bulbs of female mice were significantly higher (∗p < 0.05) compared to
the brain of male mice in both strains (Supplementary Figure S4.3).
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Figure 4.1: Systemic injection of AAV9 yields higher transduction of the brain of female
compared to male mice. (a,b) Male and female nude and C57BL/6 mice were injected via the
tail vein with 1.5×1012 g.c./kg of AAV9-Fluc vector. Mice were injected 7 and 14 days later with
D-luciferin and imaged for Fluc-associated light emission. Representative mice from each group
(n = 5 per group) at day 14 are shown in a. Total flux was calculated following data collection by
selecting a region of interest (ROI) around the head (b). (c,d) C57BL/6 mice were injected via
the tail vein with 5×1013 g.c./kg of AAV9-GFP and 2 weeks later killed for histological analysis
for GFP expression (n = 3 per group). Representative images of GFP immunohistochemistry
from male (top) and female (bottom) mouse brain cortex are shown in c (Scale bar: 1 mm).
QuantificationofGFP-positive astrocytes andneurons revealedhigher numbers of both cell types
in females (d). Experiments in a andbwere repeated twice, and similar resultswere obtained. (∗p
< 0.05).

We next sought to determine the transduction profile of AAV9 expressing
GFP under CBA promoter (AAV9-GFP) in the brains of male and female mice.
C57BL/6N mice were injected intravenously with 5×1013 g.c./kg of AAV9-GFP.
A higher dose was utilized in this experiment to allow visualization of GFP, which
is a less sensitive reporter than the Fluc enzyme. At 2 weeks after injection, these
mice were killed, then perfused with phosphate-buffered saline, and their brains
and livers harvested. Immunostaining with an antibody specific for GFP revealed
diffuse expression of almost exclusively neurons and astrocytes throughout the
brain (Figure4.1c andSupplementaryFigureS4.4). Acountof theGFP-positive
neurons and astrocytes per square millimeter in the cortex revealed a 1.7–fold (p
= 0.111) and 2.7–fold (p = 0.032) increase, respectively, in the female vs. the
male brains (Figure 4.1d). Interestingly, the ratio of GFP-positive astrocytes to
neuronswas 2.1 and 1.333 formales and females, respectively, whichmay indicate a
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slight difference in AAV tropism in the brain betweenmice genders. To investigate
whether the increase in transduction of the female brain was linked to higher
transport of the vector to this organ, quantitative polymerase chain reaction for
AAV genome was performed on tissue homogenates from the cortex of mice. In
both strains a significantly higher number of AAV genome copies (∗p < 0.05) was
detected in the brain tissue of females compared with male mice (Supplementary
Figure S4.5).

Discussion
This study is the first to provide a comparative analysis of transgene expression in
the brain of male and female mice upon systemic injection of a single-stranded
AAV9 vector. Previous studies using this vector serotype used either male or
female mice exclusively [11, 13] or mixed littermates were used [10], with no
direct comparison between different genders. Although the exact mechanism
of increased transgene expression in the brain of female mice remains unknown,
our findings are important for future AAV9 vector research, specifically when the
systemic injection route is chosen. Of immediate application, our results suggest
that equal distribution of mouse gender between groups or the use of one gender
for a given study is crucial for accurate data interpretation. Additionally, this study
warrants further investigation of AAV9–mediated brain transduction of genders of
other species (e.g. rats, dogs, nonhuman primates) for possible translation of these
findings to human gene therapy.
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Cell culture. Human 293T cells were obtained from American Type Culture
Collection (Manassas, VA). Cells were cultured in high glucose Dulbecco’s Mod-
ified Eagle’s medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal
bovine serum (FBS) (Sigma, St. Louis, MO) and 100 U/ml penicillin, 100 μg/ml
streptomycin (Invitrogen) in a humidified atmosphere supplemented with 5%
CO2 at 37 ◦C.

Vector constructs and production. Briefly, 293T cells were transfected with
AAV (AAV9 rep/cap and AAV-ITR containing transgene expression plasmid
[single-stranded genome]) and helper plasmid (Fd6) by the calcium phosphate
method. Seventy-two hours post-transfection cells were harvested and vector
purified using a standard iodixanol density gradient and ultracentrifugation
protocol. Iodixanol was removed and vector concentrated in PBS by diafiltration
using Amicon Ultra 100 kDa MWCO centrifugal devices (Millipore, Billerica,
MA). Vector was stored at -80 ◦C until use.

Animals. Animal experiments were approved by the Institutional Animal Care
and Use Committee at the Massachusetts General Hospital (MGH), and per-
formed in accordance with their guidelines and regulations. Nude athymic nu/nu
mice (age 6–8 weeks) were ordered from the MGH in-house COX-7 facility.
C57BL/6Nmice (age 6–8weeks)were purchased fromCharlesRiver Laboratories
(Wilmington,MA). For tail vein injections of AAV vectors, mice were placed into a
restrainer, (Braintree Scientific, Inc., Braintree, MA). Next the tail was warmed in
40 ◦Cwater for 30 seconds, before wiping the tail with 70% isopropyl alcohol pads.
A 100–300 μL volume of vector (in PBS) was slowly injected into a lateral tail vein,
before gently clamping the injection site until bleeding stopped.

Bioluminescence imaging. All imaging experiments were performed using the
IVIS Spectrum imager outfitted with an XGI-8 gas anesthesia system (Caliper
Lifesciences, Hopkinton,MA).Micewere anesthetized and then injected intraperi-
toneally with 4.5 mg of D-luciferin resuspended in 150 μL of PBS. Five minutes
post-substrate injection, mice were imaged for luciferase expression using auto-
acquisition. Regionof interestwere selected and imageswere analyzedusingLiving
Image software (v4.17, Caliper Life Sciences).

Ex-vivo luciferase assay and quantitative PCR for vector genomes. Four
weeks post-vector injection, mice were sacrificed and organs (liver, whole brain or
cerebellum, and olfactory bulb) were harvested for analysis of Fluc levels as well as
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virus genome copies (g.c.). Tissues were quickly removed from the animals, and
immediately frozen on liquid nitrogen and stored at -80 ◦C. For Fluc assay, 50 mg
of each tissue was lysed in a 96-deepwell plate (Nunc/Thermo Fisher Scientific,
PA, USA) using a stainless steel bead (Qiagen Inc., CA, USA) and 500 μL of
Mammalian Protein Extraction Reagent (M-PER; Pierce Biotechnology, IL, USA).
Tissues were homogenized in a TissueLyser II (Qiagen Inc.) at 7.0 Hz 4x three
minutes. Next, the plate was centrifuged for 5 minutes at 1200 rpm and 20 μL
of tissue homogenate was transferred to 96-well white bottom plate and analyzed
using 100μLofBright-Glo™Fluc substrate reagent (Promega,WI,USA) and aplate
luminometer (Dynex Technologies, VA, USA). A Bradford assay was performed
to normalize each Fluc value to the total amount of protein in the sample. For
the quantitative PCR (qPCR) assay to detect AAV genomes in organs, 25 mg
of each organ was cut into small pieces using a sterile razor blade. Isolation of
mouse genomic and AAV DNA was performed using the DNeasy® Blood and
TissueHandbook (Qiagen, Valencia, CA). Next 100 ng of total DNAwas used as a
template for a quantitative TaqManPCR that detects AAV genomes (Poly A region
of the transgene cassette).

Histology and GFP expression. At two weeks post-injection, mice were given
an overdose of anesthesia and transcardially perfused with PBS.The liver and brain
were removed. The brain was separated into two hemispheres. One hemisphere
was snap frozen in the vapor phase of liquid nitrogen and stored at -80 ◦C for
subsequent qPCRanalysis and the other hemispherewas fixed in 4% formaldehyde
in PBS and cryoprotected in 30% sucrose for immunohistological analysis of tissue
sections. These hemispheres were cut on the sagittal plane in 40 μm sections using
a sledging freezing microtome. Double immunohistochemistry was performed in
freefloating sections with primary antibodies for GFP (chicken polyclonal, 1:500,
Aves Labs, Cat# GFP-1010) and either GFAP (rabbit polyclonal, 1:1000, Sigma-
Aldrich, Cat# G9269), or glutamine synthetase (mouse monoclonal, clone GS-6,
1:1000, Millipore, Cat# MAB302). Briefly, the sections were permeabilized in
Tris-buffered saline (TBS) with Triton-X 0.5% for 1 h, blocked in 10% normal
goat serum for 1 h, and incubated with the primary antibodies overnight at 4
◦C. Next day, the sections were thoroughly washed in TBS with Triton-X 0.1%,
incubated with the appropriate fluorescently-labeled secondary antibodies for 1 h
at room temperature, washed again in TBS with Triton-X 0.1%, and coverslipped
with Vectashield mounting media with DAPI (Vector Labs, Cat# H-1200). The
number of cortical GFP-positive astrocytes and neuronswas counted in every 10th
section under the 4x objective of a BX51 Olympus epifluorescence microscope
(Olympus, Tokyo, Japan), equipped with a motorized stage and a DP70 camera
that are coupled to a computer through the image analysis software CAST. The
region of interest (cortex) was outlined under the 1.25x objective and the number
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of GFP-positive astrocytes and neurons were counted under the 4x objective
using the appropriate tools of the software. Neurons and astrocytes were easily
distinguished from each other usingmorphological criteria. The volume of interest
corresponding to the cortex from every 10th section was estimated with the CAST
software. Total numbers ofGFP-positive neurons and astrocytes in thewhole brain
cortical mantle were then estimated based on the fractionator principle.

Supplementary Figures
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Supplementary Figure S4.1: Bioluminescent signal in the abdomen region of male and
female mice injected systemically with AAV9-Fluc. Male and female nude (a) and C57BL/6
(b)mice were injected via the tail vein with 1.5×1012 g.c./kg of AAV9-Fluc vector. Seven and 14
days later, mice were injected with D-luciferin and imaged for Fluc-associated light emission. At
each time point, a representative mouse from each group (n = 5 per group) is shown in the panel.
Total flux was calculated post data collection by selecting a region of interest (ROI) around the
abdomen (ventral view). Experiments were repeated twice and similar results were obtained. (M
= male, F = female, D = day. ∗p < 0.05.n = 5 per group).
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Supplementary Figure S4.2: Bioluminescence kinetic analysis in the head and abdomen
region of mice injected with AAV9-Fluc. Nude (a,b) and C57BL6/N (c,d) mice were
injected with 5×1012 g.c./kg of AAV9-Fluc and imaged at the time points depicted in the graph.
Bioluminescence signal was quantitated in the head and abdomen region at each time point. (∗p
< 0.05. n = 5 per group).
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Supplementary Figure S4.3: Fluc activity in brain tissue homogenates in male and female
mice injected i.v. with AAV9-Fluc. Male and female nude and C57BL/6Nmice were sacrificed
four weeks after i.v. injection of AAV9-Fluc (1.5×1012 g.c./kg). Tissues were harvested and
homogenized. Biochemical assays were performed for Fluc expression and protein content was
determined for normalization. Fluc levels in tissue homogenates of brain, liver, cerebellum and
olfactorybulbof nude andC57BL/6Nmice. All Fluc levelswerenormalized to totalmgof protein
in tissue homogenate. Experiments were repeated twice and similar results were obtained. (D =
day, RLU = Relative Light Units. ∗p < 0.05; # trend. n = 5 per group).
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Supplementary Figure S4.4: AAV9 transduces primarily neurons and astrocytes in male
and female mice upon systemic injection. Image of a section of cortex from female mice
injected i.v. with AAV9-GFP represents the typical morphology of the brain cells transduced:
the arrow points to a pyramidal neuron, and the arrowheads point to two astrocytes. (Scale bar,
50 μm).
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Supplementary Figure S4.5: Quantitation of AAV9 genome copies in the brain ofmale and
femalemice after systemic vector injection. DNAwas purified from homogenates of brain and
liver from C57BL/6N mice injected i.v. with 5  ×  1012 g.c./kg of AAV9-Fluc (a) and 5×1013
g.c./kg of AAV9-GFP (b), and analyzed by quantitative PCR to detect AAV genomes (100 ng
template). (∗p < 0.05. n = 3 per group).
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Abstract
Recently adeno-associated virus (AAV) became the first clinically approved gene
therapy product in the western world. To develop AAV for future clinical appli-
cation in a widespread patient base, particularly in therapies which require intra-
venous (i.v.) administration of vector, the virus must be able to evade preexisting
antibodies to the wild type virus. Here we demonstrate that in mice, AAV vectors
associatedwith extracellular vesicles (EVs) can evade human anti-AAVneutralizing
antibodies. We observed different antibody evasion and gene transfer abilities with
populations of EVs isolated by different centrifugal forces. EV-associated AAV
vector (ev-AAV) was up to 136-fold more resistant over a range of neutralizing
antibody concentrations relative to standard AAV vector in vitro. Importantly in
mice, at a concentration of passively transferred human antibodieswhich decreased
i.v. administered standard AAV transduction of brain by 80%, transduction of ev-
AAV transductionwas not reduced andwas 4000-fold higher. Finally, we show that
expressing a brain targeting peptide on the EV surface allowed significant enhance-
ment of transduction compared to untargeted ev-AAV. Using ev-AAV represents
an effective, clinically relevant approach to evade human neutralizing anti-AAV
antibodies after systemic administration of vector.
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Introduction
In recent years, adeno-associated virus (AAV) vectors have shown promising re-
sults in clinical trials for the treatment of genetic diseases including, hemophilia [1],
eye disease [2], lipoprotein lipase deficiency [3], and CNS disease [4]. As AAV
vector is comprised of the capsid of wild type (wt) virus, pre-existing immunity to
wt AAV in the form of antibodies is a major concern for effective gene delivery to
target tissue inpatients. This is of particular importance for systemic administration
of vector as the highest concentrations of anti-AAV antibodies are in blood. It
has been demonstrated in mice that even low levels of neutralizing antibodies can
completely abrogate liver directed gene therapy [5]. This is of major concern for
translation of systemic AAV-based gene therapies to a large human population, as
over 50% of all people have some level of neutralizing antibodies to AAV [6].

Current strategies to evade neutralizing antibodies include genetic engineering
of the AAV capsid, using empty capsids as AAV decoys, plasmapheresis, and bal-
loon catheterization with saline flush. All of these approaches have shown promise
in preclinical models, however each may have significant drawbacks precluding
their widespread use clinically.

Extracellular vesicles (EVs) are endogenous nano-to-micron sized lipid parti-
cles released from cells. They carry many types of nucleic acids and proteins from
the host cell in their interior as well as a multitude of receptors on their surface
[7]. Accumulating research suggests that EVs serve as a form of communication
between cell types, and they are rapidly internalized into recipient cells [8]. They
can also be used for antibody evasion, as two recent studies have shown that two
pathogens, hepatitis A virus [9] and hepatitis C virus [10], can exploit EVs to hide
from patient-derived antibodies against the virus. Furthermore, they are being
engineered as therapeutic delivery vehicles for nucleic acids and drugs [11, 12].

Recently we have discovered that a portion of AAV vector associates with
microvesicles/EVs during production [13]. As recent data has shown the potential
of EVs as therapeutic delivery modalities [14–16], as well as a safe profile of EVs in
clinical trials [17] with more trials currently ongoing (www.clinicaltrials.gov), we
postulated that EV-associated AAV (ev-AAV) may possess unique properties from
standard AAVwhichmay be beneficial for in vivo gene therapy applications, includ-
ing antibody evasion. Here we tested whether ev-AAV could evade neutralizing
antibodies against AAV in an in vivomodel. We also explored whether decorating
the surface of EVs with brain-targeting ligands would enhance specificity of gene
delivery to this organ after intravenous injection of ev-AAV.
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Materials & methods
Cell culture
Human 293T and HeLa cells were obtained from the American Type Culture
Collection (Manassas, VA) and cultured in high glucose Dulbecco’s modified
Eagle’s medium (Life Technologies, Grand Island, NY) supplemented with 10%
fetal bovine serum (Sigma, St Louis, MO), 100 U/mL penicillin, and 100 mg/mL
streptomycin (Life Technologies) in a humidified atmosphere supplemented with
5% CO2 at 37 ◦C.

Targeting constructs
Rabies virus glycoprotein peptide-PDGFR Transmembrane domain (RVG-TM)
cDNA was synthesized by Aldevron (Fargo, ND). The sequence for RVG peptide
is N-YTIWMPENPRPGTPCDIFTNSRGKRASNG-COOH.

AAV and ev-AAV production
AAVvectors and ev-AAVwere produced in 293T cells as previously described [13].
Briefly, a triple transfection of AAV and helper plasmids was performed using the
calcium phosphate method. Standard AAV vectors were extracted from cell lysates
and purified by iodixanol density gradient ultracentrifugation. Next, iodixanol was
removed and vector concentrated using Amicon Ultra 100 kDa molecular weight
cutoff (MWCO) centrifugal devices (Millipore, Billerica,MA) and buffer (20mM
Tris-HCl, 500 mMNaCl, pH 8.5). Next the buffer was dialysed against phosphate
buffered saline (PBS) using Pierce 20 kDa MWCO Slide-A-Lyzer MINI Dialysis
Device (Pierce, Rockford, IL) and finally filtered through a 0.22 μm Millex-GV
Filter Unit (Millipore).

For ev-AAV, media was changed to EV-free 2% FBS the day after transfection.
At 48 and 72 h post transfection, media was harvested. Cell debris and apoptotic
bodieswere removed by sequential, 10min 300×g and 2000×g centrifugations, re-
spectively. The supernatant containing ev-AAV was then centrifuged at 20,000×g
for 2h. Themediawas aspirated and theEV/ev-AAVpelletwas resuspended inPBS.
For the 100k×g ev-AAV, we performed the same low speed 300×g and 2000×g
steps followed by the 20,000×g pelleting. All of these pellets were discarded and
the remainingmedia was centrifuged at 100,000×g for 1 h using a Type 70Ti rotor
in a Optima™ L-90K ultracentrifuge (both Beckman Coulter, Inc., Indianapolis
IN).The resulting pellet was resuspended in PBS. Both ev-AAV and standard AAV
preparations were stored at -80 ◦Cuntil use. For bioluminescence imagingwe used
a single-stranded AAV construct encoding Firefly luciferase (FLuc) driven by the
CBA promoter [18]. For immunofluorescence analysis of transduced cell types
we used a self-complementary AAV construct encoding eGFP driven by the CBA
promoter. To titer AAV and ev-AAVpreparations, a quantitative TaqManPCR that
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detects AAV genomes (poly(A) region of the transgene cassette) was performed as
previously described [13].

Mice
All animal experiments were approved by theMassachusettsGeneral Hospital Sub-
committee onResearch Animal Care following guidelines set forth by theNational
Institutes of Health Guide for the Care and Use of Laboratory Animals. Female
nude mice aged 6–8 weeks were purchased from the National Cancer Institute.
Female Balb/c mice aged 6–8 weeks were purchased from Jackson Laboratory
(Bar Harbor, ME). For tail vein injections of AAV vectors and ev-AAV, mice were
placed into a restrainer, (Braintree Scientific, Inc., Braintree,MA).Next the tail was
warmed in 40 ◦C water for 30 s, before wiping the tail with 70% isopropyl alcohol
pads. A 100–300 μL volume of vector (in PBS) was slowly injected into a lateral
tail vein, before gently finger clamping the injection site until bleeding stopped.

Bioluminescence imaging of Firefly luciferase (FLuc) expression
Imagingwas performedusing an IVIS® Spectrumoptical imaging systemfittedwith
an XGI-8 Gas Anesthesia System (Caliper Life Sciences, Hopkinton, MA). Mice
were anesthetized and then injected intraperitoneally with 4.5 mg of D-luciferin
resuspended in 150 μL of PBS. Five minutes post-substrate injection, mice were
imaged for luciferase expression using auto-acquisition. Bioluminescent images
were acquired using the auto-exposure function. Data analysis for signal intensities
and image comparisons were performed using Living Image® software (v4.3.1,
Caliper Life Sciences). To calculate total flux in photons/second for each animal,
regions of interest (ROIs) were carefully drawn around each area of signal.

Antibody evasion experiments
In vitro neutralization assays were performedwith 10-donor pooled normal human
serum (Innovative Research, Novi, MI) or Gammagard S/D purified intravenous
immunoglobulin (IVIg), (Baxter, Deerfield, IL, kindly provided by Dr. Luk H.
Vandenberghe, Harvard Medical School). HeLa cells were seeded at 50,000 cells
per well in a 96 well plate the day before the assay. Next, a dose of 5×108 g.c. of
AAV9-FLuc or ev-AAV9-FLuc was mixed with serial dilutions of human serum or
IVIg in FBS-free media to yield the indicated concentrations in the figures. AAV
incubated with PBS (no serum) served as control. These were incubated for 1 h at
37 ◦C before adding to cells for 1.5 h at 37 ◦C. After washing cells one time, and
replacing with complete medium, cells were incubated for 48 h before performing
a luciferase assay using Bright-Glo™ Luciferase reagent (Promega, Madison, WI).
Luciferase values for each sample, expressed in relative light units (RLUs) were
plotted as a percentage of the AAV transduction sample without serum (which was
set to 100%).
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In vivo neutralization assays
Mice were injected intraperitoneally (i.p.) with the indicated amount of IVIg in
PBS (total volume 200 μL). Twenty four hours later mice were injected i.v. via
the tail vein with 1010 g.c. of either AAV9-FLuc or ev-AAV9-FLuc in a volume
of 200 μL. Mice were imaged at the indicated time points for FLuc-associated
bioluminescence.

Ex-vivo organ luciferase assay
32 days post-vector injection, mice were sacrificed and organs were harvested for
analysis of FLuc levels. Tissues were quickly removed from the animals, and
immediately frozen in the vapor phase of liquid nitrogen and stored at -80 ◦C.
For the FLuc assay, 50 mg of each tissue was placed in 2 mL tubes containing
1.4 mm ceramic beads (Mo Bio Laboratories, Inc., Carlsbad CA) and 500 mL of
Mammalian Protein Extraction Reagent (M-PER; Pierce Biotechnology, IL, USA).
Tissues were homogenized in a BeadBug microtube homogenizer (Benchmark
Scientific, Edison, NJ). Next, tubes were centrifuged for 5min at 300×g and 20 μL
of tissue homogenate was transferred to 96-well white bottom plate and analyzed
using 100 μL of Bright-Glo™ FLuc substrate reagent (Promega, WI, USA) and a
plate luminometer (Dynex Technologies, VA, USA). A Bradford assay (Bio-Rad,
Hercules, CA) was performed to normalize each FLuc value to the total amount of
protein in the sample.

Iodixanol isopycnic density gradient
To characterize AAV in the 20k×g depleted media, an iodixanol step gradient was
made similar to [9] with the exception that we added a 60% layer at the bottom.
Themedia sample was concentrated from 20 to 2mL using AmiconUltra 100 kDa
molecular weight cutoff (MWCO) centrifugal devices and loaded on the top of the
gradient. The gradient was centrifuged at 125,755×g for 16 h in an SW32 Ti rotor
(Beckman Coulter). TwomL fractions were collected for AAV qPCR.

Removing EVs from 293T conditioned media
Mediawas centrifugedat 300×g for 5minand then2000×g for 10min, followedby
a 100,000×g centrifugation for 2 h in a Type 70 Ti rotor (Beckman Coulter). The
supernatant was transferred to a new tube and then filtered sequentially through
0.8 μm, 0.22 μm and 0.05 μm filters to remove any remaining EVs.

Histology and GFP expression
At two weeks post-injection, mice were given an overdose of anesthesia and tran-
scardially perfused with PBS and 4% PFA. The brain was removed. The brain was
post-fixed in 4% formaldehyde in PBS for 2 h and cryoprotected for three days in
30% sucrose and then frozen in a dry ice/2-methylbutane bath for immunohisto-
logical analysis of tissue sections. Brains were cut on the coronal plane in 40 mm
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sections using a sledging freezingmicrotome. Immunofluorescencewas performed
in free-floating sections with a primary antibody for GFP (rabbit anti-GFP, GFP
Abfinity, 1:400, Life Technologies). Briefly, the sections were permeabilized in
PBS with Triton-X 0.5% for 2 h, blocked in 5% normal goat serum for 1 h, and
incubated with the primary antibody 60 h at 4 ◦C. The sections were thoroughly
washed in PBS, incubated with 1:1000 goat anti-rabbit Fab’2 Alexa Fluor 488-
conjugated antibody (Cell Signaling, Danvers, MA) for 1 h at room temperature,
washed again in PBS, and coverslipped with fluorescent mounting media (Dako).
Neurons, endothelial cells and astrocytes were readily distinguished from each
other using morphological criteria.

Calculations
Brain to peripheral organ transduction ratio (Figure 5.4b). To calculate the
targeting efficiencyof each vectorwe compared the luciferase activity in thebrain to
the sum of the activity in the peripheral organs analyzed (liver, lung, heart, muscle,
spleen, kidney). We used the following formula:

Brain
Peripheral

transduction ratio =

(Avg. Brain RLU/mg)
(Avg. Liver RLU/mg) + (Avg. Lung RLU/mg) + (Avg. Spleen RLU/mg) + && ......

Statistics
Statistical analyses were performed using GraphPad Prism software (version 5.01).
For comparisons of means between two groups an unpaired t-test was used. For
comparison of three or more groups, a one-way ANOVA was used followed by a
Tukey post test to compare twomeans. Statistical significance was determined at a
value below 0.05.

Results
ev-AAV resists anti-AAV antibodies from pooled human serum
and purified immunoglobulin
We produced and isolated standard AAV9 encoding Firefly luciferase (AAV9-
FLuc) and ev-AAV9-FLuc from the cell lysates and media, respectively, of the
same preparation of vector (Supplementary Figure S5.1) as previously described
[13]. AAV9-FLuc or ev-AAV9-FLuc were mixed with dilutions of complement-
inactivated human sera from 10 donors and incubated for 1 h at 37 ◦C before
adding the mixture to cells for 1.5 h at 37 ◦C.Media was replaced on cells and then
they were incubated for 48 h before harvesting for a luciferase assay. Luciferase
activity at each dilution was normalized to the transduction of the vector in the
absence of serum. Strikingly, we observed that ev-AAV9 was 3–23-fold more
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resistant to neutralization than AAV9 at the 1:20–1:80 dilutions, respectively
(Figure 5.1a). The resistance was not due to a non-specific effect of EVs adsorbing
antibody, as standard AAV9 mixed with free EVs from untransfected cells (same
amount of EVs as for ev-AAV preparation) did not achieve significantly higher
protection relative to standard AAV9 (Figure 5.1b). Next we incubated AAV9-
FLuc or ev-AAV9-FLuc with dilutions of purified immunoglobulin (intravenous
immunoglobulin, IVIg, from multiple donors’ plasma). Similar to the human
serum data in Figure 5.1a we observed up to a 25-fold increased resistance to
antibody neutralization with ev-AAV9 compared to standard AAV9 (Figure 5.1c).
We also observed that ev-AAV1 and ev-AAV2 were more resistant to serum
compared to their standard serotypes (Supplementary Figure S5.2). To ensure
that the increased resistance to neutralizing antibodies was not due to a shielding
ability of excess empty capsids in the ev-AAV preparation obtained from media
(compared to the standard AAV purified by iodixanol density gradient) we treated
media samples of ev-AAV2using apulldown that consists of amonoclonal antibody
which recognizes intact capsids bound to magnetic beads. We first confirmed that
the pulldown efficiently removed free AAV2 by incubating standard AAV2 with
the beads, finding that it removed ∼80% of free vector as assessed by qPCR for
vector genomes (Supplementary Figure S5.3a). Next, we mixed ev-AAV2-FLuc
with the anti-AAV2/magnetic bead conjugate or an isotype control/magnetic
bead conjugate which does not pulldown AAV2 capsids. The AAV remaining in
media after pulldown with either antibody was quantitated by qPCR and equal
g.c. were mixed with dilutions of pooled human serum. If a molar excess of free
AAV2 capsids in the ev-AAV preparation were blocking neutralizing of the EV-
associated vector than it would be expected that the sample treatedwith anti-AAV2
pulldown would be more susceptible to neutralization. However, this was not the
case as we saw nearly identical neutralization assay profiles for the control and
anti-AAV2 antibody pulldowns (Supplementary Figure S5.3b). Free AAV2 was
used as control and showed greater susceptibility to neutralization than the ev-AAV
preparations, as expected (Supplementary Figure S5.3b).

We then analyzed whether ev-AAV9 could transduce cells in vivo in the pres-
ence of anti-AAV immunoglobulin, as in vivo neutralization assays are thought to
more accurately predict the human situation [5]. We first determined the amount
of IVIg that would neutralize standard AAV9 in mice. Nude mice were injected
i.p. with a range of IVIg amounts and 24 h later, injected i.v. with 1010 g.c. of
AAV9-FLuc. Imaging mice for luciferase expression four days later determined
that 0.1 mg and 1.0 mg reduced transduction of AAV9-FLuc by 83% and 98%,
respectively, compared to naïvemice (Supplementary Figure S5.4). We chose an
equidistant dose of 0.5mg IVIg to compareAAVandev-AAVresistance to antibody
neutralization. Mice were injected i.p. with 0.5 mg IVIg or PBS and 24 h later, i.v.
with 1010 g.c. of AAV9-FLuc or ev-AAV9-FLuc. Seven days later imaging of liver
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region revealed that AAV9-FLuc had residual transduction of 1.5% in the presence
of IVIg while it was 8.38% for ev-AAV9-FLuc (p = 0.099, Figure 5.2a,b). We also
measured the light emission from the head region of all injected mice. We found
AAV9-FLuc had residual transduction of 2.6% while ev-AAV9-FLuc was 18.9% (p
= 0.0085, Figure 5.2c,d). These data indicate that ev-AAV9 is more resistant to
IVIg in vivo relative to standard AAV.

We routinely harvest ev-AAV from the EV pellet obtained from centrifuging
at 20,000× g. This spin force vs. a higher speed was chosen from our prior
research [13] as it minimized co-pelleting of any free-AAV inmedia. Wewondered
if the small vesicle fraction of ev-AAV (obtained by ultracentrifuging media at
100,000×g) would display antibody evasion characteristics. From the same batch
of AAV9-FLuc producer cells, we harvested standard AAV from cell lysates and
then from media in the 20,000× g (20k×g) and subsequently the 100,000×g
(100k×g) ev-AAV9-FLuc pools. An in vitro neutralization assay using IVIg was
performed on HeLa cells. Remarkably, the 100k×g ev-AAV pool was much more
resistant to neutralization compared to both the 20k×g ev-AAV pool and standard
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Figure 5.1: ev-AAV evade neutralizing antibodies from pooled human serum and purified
pooled human intravenous immunoglobulin (IVIg). (a) Dilutions of pooled human sera (10
donors) weremixed with either standard AAV9-FLuc or ev-AAV9-FLuc. After incubation for 1 h,
mixtures were added to HeLa cells and two days later an FLuc assay was performed. FLuc levels
were normalized to the levels achieved in the absence of serum. (b) Mixing EVs with standard
AAV does not result in significantly enhanced protection from pooled human serum observed
with ev-AAV. Standard AAV9-FLuc, AAV9-FLuc mixed with extracellular vesicles, or ev-AAV9-
FLucweremixedwith the indicated dilutions of pooled human serum. A neutralization assay was
performed on as in (a). (c) Dilutions of IVIg were made and a neutralization assay performed as
in (a). (∗p < 0.05).
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Figure 5.2: ev-AAV evades neutralizing anti-AAV antibodies more efficiently than AAV in
vivo. Mice were injected with PBS or 0.5 mg IVIg/mouse and 24 h later challenged with 1010
g.c. of either standard AAV9-FLuc or ev-AAV9-FLuc. Seven days later mice were imaged for
FLuc expression by bioluminescent imaging. (a) Bioluminescence images of animals in ventral
view. (b) Top, photon flux in liver region for each group after PBS pre-treatment or, IVIg pre-
treatment; bottom, calculation of residual transduction in liver region of AAV or ev-AAV in the
presence of IVIg when compared to transduction after i.p. injection of PBS. n = 4, p = 0.099.
(c) Top, bioluminescence images of all groups of animals in dorsal view. Bottom, IVIg groups
shown with lowered scale to clearly indicate higher residual FLuc signal in the head of ev-AAV
injectedmice. (d) Top, photon flux in head region for each group after PBS pre-treatment or IVIg
pre-treatment; bottom, calculation of residual transduction in head region of AAV or ev-AAV in
the presence of IVIg when compared to transduction after i.p. injection of PBS. (∗p = 0.0085.
Radiance = photons/s/cm2/sr).

AAV9-FLuc (Figure 5.3a). For example, at the 2 mg/mL concentration of IVIg,
the 100k×g ev-AAV retained 57% of its transduction capacity in the absence
of antibodies, while the values were just 7% and 0.42% for 20k×g ev-AAV and
AAV, respectively (Figure 5.3a). We next performed an in vivo neutralization
assay comparing standard AAV to the 100k ev-AAV using the same conditions
as in Figure 5.2. Imaging at two weeks post injection revealed a 78.5% reduc-
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tion for standard AAV9-Fluc in the presence of IVIg (Figure 5.3b–d). Notably,
transduction was not decreased by IVIg (118% of control) for 100k×g ev-AAV9-
FLuc (Figure 5.3b–d). Importantly, ev-AAV9 had 722-fold and 4000-fold higher
transduction than standard AAV with PBS and IVIg pretreatment, respectively
(Figure 5.3c).
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Figure 5.3: 100k×g ev-AAV9 fraction has enhanced antibody evasion properties. (a) A
neutralization assay identical to Figure 5.1c with IVIg, using AAV9, 20k×g ev-AAV9, 100k×g
ev-AAV9. (b)Mice were injected with PBS or 0.5 mg IVIg/mouse and 24 h later challenged with
1010 g.c. of either standard AAV9-FLuc or 100k×g ev-AAV9-FLuc. Fourteen days later mice
were imaged for FLuc expression by bioluminescent imaging. Bioluminescent images of the head
region are shown. Note the scale differences between standard AAV and ev-AAV groups. (c)
Photon flux of head region for standard AAV9-FLuc or 100k×g ev-AAV9-FLuc with PBS or IVIg
pretreatment. (d) Residual transduction in the IVIg groups relative to PBS pretreatment groups.
(∗p < 0.05).

To characterize the AAV in the 20k×g-depleted media fraction used to isolate
100k×g ev-AAV, we placed this media on an 8–60% iodixanol isopycnic gradient.
We compared this to cell lysate-purified AAV run on a similar gradient. Expectedly,
for standard AAV, 96% of vector genomes loaded onto the gradient migrated in
the 40–60% area at the bottom of the gradient (Figure 5.4a). In contrast a
distinct fraction of AAV in the 20k×g depleted media (∼10%) ran in the 14–
20% (fractions #5–9) concentration of iodixanol which is suggestive of a less-
dense, vesicle-associated vector (Figure 5.4a, gray arrow). Differences were also
noted in the 40–60% layers for the two samples. For example only 1% of AAV
in media ran in fraction #15 while there was 20% of total genomes in the same
fraction for the standard AAV sample (Figure 5.4a, blue arrows). Also in fraction
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#17 there was only 14% of standard AAV genomes while there was 36% for AAV
in media (Figure 5.4a). To confirm that the fraction in the 14–20% layers was
vesicle associated, treatment of the media with the detergent Igepal CA-360 as
done by Ref. [9] greatly shifted the peak to a lower density, suggesting lysis of EVs
(Figure 5.4b). Interestingly, detergent treatment decreased the % AAV genomes
in the #17 fraction and increased it in fraction #15, suggesting separation of some
type of complex of AAV in the media (Figure 5.4b,c). To ascertain whether the
different fractions were resistant to IVIg, we subjected the putative vesicle fraction
(#6–7) and free AAV fraction (#16–17) to control PBS or IVIg. As expected
the vesicle fraction was completely resistant to IVIg, while fractions #16,17 was
sensitive (free AAVwas used as control in the assay,Figure 5.4d). Since the vesicle
fraction was only 10% of the AAV genomes on the gradient and in our in vitro
and in vivo neutralization assays (Figure 5.3) the 100k×g ev-AAV are extremely
resistant to IVIg, we wondered if the 100k×g centrifugation process caused an
association of “free AAV” in the media with the vesicle fraction of endogenous
ev-AAV. To test this we compared the traditional 100k×g ev-AAV isolated from
293T producer cell media, standard AAV mixed with conditioned 293T media
(20k×g vesicle-depleted) and pelleted by ultracentrifugation at 100k×g, or with
standard AAVmixedwith conditioned 293Tmedia (and pelleted by 100k×g ultra-
centrifugation)which had all vesicles removed via an ultracentrifugation and tiered
filtration process. Interestingly, simply mixing standard AAV with conditioned
media and ultracentrifuging the sample led to IVIg resistance comparable to the
100k×g ev-AAV (Figure 5.4e). Removing vesicles from the conditioned media,
returned the IVIg sensitivity to AAV (Figure 5.4e). Supporting these findings, we
found that all fractions of 100k×g ev-AAV run on a sucrose gradient were resistant
to IVIg (Supplementary Figure S5.5a,b) suggesting a tight association of any
free AAV with the EV fraction after centrifugation. To understand how well free
AAV9 pelleted in the presence of EVs under 20k×g and 100k×g centrifugal forces,
we mixed free AAV9 with non-transfected 293T conditioned media (containing
EVs) and by qPCR, titered an aliquot of media before spinning, and then titered
the 20k×g and 100k×g fractions. We did the same experiment except with ev-
AAV9 containing media from transfected 293T (Table 5.1). From this data we
were able to determine the percentage of AAV in each fraction. As expected from
previous research [13], we found that 20k×g centrifugation did not pellet free
AAV mixed with EVs (less than 0.1%), while the 20k×g ev-AAV9 fraction had
over 1 log higher g.c. However the 100k×g centrifugation pelleted 38% of total
AAV in media in the mixed EV + AAV sample and 40% in the ev-AAV9 sample.
From this data, we concluded the 20k×g ev-AAV9 fraction represents a bona-fide
EV associated fraction not caused by the centrifugation technique. The 100k×g
fraction appears to be an association of free AAV with ev-AAV, partially attributed
to the centrifugation procedure.
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Table 5.1: Percent of total AAV in media in EV fractions.

Sample 20k×g EV pellet 100k×g EV pellet

ev-AAV9a 0.99± 0.11% 40.1± 3.21%
Standard AAV9 + EV mixb 0.087± 0.009% 38.3± 4.24%

a Media harvested from 293T cells transfected with AAV9-FLuc plasmids.
b Media harvested from non-transfected 293T. Standard, iodixanol purified AAV was spiked into
theEV-containingmedia and then the sampleswere centrifuged at either 20,000×g or 100,000×g
and AAV genomes in the EV pellet determined by qPCR.
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Figure 5.4: 20k×g depleted media (used for 100k×g ev-AAV isolation) contains an anti-
body resistant fraction. (a)AAVgenomedistribution in fractions of a 8–60% iodixanol gradient
loaded with standard AAV (red line) or 20k×g depleted media from AAV9 producing-293T
cells (blue line). The putative vesicle-associated fractions of AAV is indicated by a gray arrow.
Differences in the amount in fraction #15 between the two samples is indicated by blue arrows.
(b) Treatment with Igepal detergent (black line) partially disrupts vesicle fraction. Untreated
AAV in media is indicated by blue line. (c) Comparison of Igepal treated media sample with
standard free AAV. (d) Antibody resistance (IVIg) profile of free standard AAV, or AAV inmedia
fractions 6–7or 16–17 from(a). (e)Mixing freeAAVwithEVcontainingmedia and centrifuging
at 100k×g results in antibody resistant vector. Removing EVs frommedia beforemixingwith free
AAV restores sensitivity to antibody neutralization.

To gain insight into the mechanism of enhanced transduction in culture by ev-
AAV9, we performed experiments using agents which EVs are specifically sensitive
to. Wehavepreviously shown that uptakeof 293T-derivedEVs into recipient cells is
blocked by heparin [13, 19]. Another group showed that heparan sulfate proteogly-
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Figure 5.5: Transduction properties of AAV9 20k×g ev-AAV9 and 100k×g ev-AAV9 frac-
tions. (a) Heparin blocks 20k×g ev-AAV9 transduction. AAV9-FLuc and ev-AAV9-FLuc were
incubated with 50 mg/mL heparin and then added to cells. FLuc activity was measured 48 h
later and normalized to transduction in the absence of heparin. (b) Triton treatment of 20k×g
ev-AAV9 reduces transduction efficiency. AAV9-FLuc and ev-AAV9-FLuc were incubated with
0.3%Tritonbeforediluting and adding to cells. Transductionwasnormalized to luciferase activity
in the absence of Triton. (c) Even higher concentrations of heparin (100 μg/mL) did not inhibit
100k×g ev-AAV9 more than AAV9. (d) Triton treatment had a modest effect on 100k×g ev-
AAV9 transduction. (e) Triton treatment disrupts EVs and reduces resistance to antibodies in
20k×g and 100k×g fractions. Transduction in the presence of Triton was set to 100%. (∗∗∗ p <
0.001, ∗∗ p < 0.006, ∗ p < 0.05).

canson recipient cells are required for uptakeof tumor cell-derivedEVs [20]. Based
on these data, we reasoned that 20k×g ev-AAV9 mediated transduction would
be heparin-sensitive while standard AAV9 would not, as its receptor is galactose
residues [21]. As predicted, transduction with AAV9-FLuc was not inhibited with
heparin co-incubation while the same condition blocked 20 k×g ev-AAV9-FLuc
transduction by 84% (p < 0.001) (Figure 5.5a). As the EVmembrane is sensitive
to low concentrations of detergent [22], we found that 20k×g ev-AAV9-FLuc
transduction was significantly inhibited (75%) with Triton X-100, while it had no
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effect on standard AAV9-FLuc (p < 0.05) (Figure 5.5b). Next we compared the
sensitivity of the 100k×g ev-AAV9 fraction to heparin andTriton block. We found
that the 100k×g fraction was not sensitive to heparin blockade at 50 μg/mL (data
not shown) and increasing to 100 μg/mL slightly blocked both AAV9 and 100k×g
ev-AAV9 (Figure 5.5c). Transduction of cells by 100k×g ev-AAV9 fraction was
slightly sensitive (33%decrease) toTritonpre-treatment (Figure5.5d)but this did
not reach statistical significance. However, treatment of either 20k×g or 100k×g
ev-AAV9 samples with Triton, significantly enhanced sensitivity to IVIg, showing
EV-mediated protection from anti-AAV antibodies (Figure 5.5e).

During the course of in vitro neutralization experiments, we observed that the
20k×g vexosomes transduced cells much more efficiently than standard AAV9-
FLuc. We next tested transduction of 20k×g ev-AAV9-FLuc compared to standard
AAV on three different cell types (primary murine neurons, SH-SY5Y cells, and
melanocytes). In each case, ev-AAV9 vastly and significantly outperformed stan-
dard AAV at transduction efficiency (Figure 5.6a–c). Remarkably, the 100k×g
ev-AAV9 pool transduced HeLa cells 18 and 263-fold higher than the 20k×g ev-
AAV pool and standard AAV, respectively, (Figure 5.6d).
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Figure 5.6: ev-AAV9-FLuc is more efficient in culture at transduction than standard AAV9-
FLuc. (a) primary murine neurons (b) SH-SY5Y cells (c) melanocytes. Cells were incubated-
withAAV9-FLuc or ev-AAV9-FLuc and 48 h later an luciferase assay performed. (d)Comparison
of AAV9, and 20k × g and 100k × g fractions of ev-AAV at transduction of HeLa cells. (∗∗p =
0.006; ∗∗∗p < 0.0001; ∗p = 0.012. RLU = Relative Light Units).

As our previous experiments were performed in immunocompromised nude
mice with no functional T cell-mediated immunity, we next asked whether trans-
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duction with ev-AAV in immunocompetent Balb/c mice would result in stable
gene expression. Mice were injected i.v. with either standard AAV2-FLuc or ev-
AAV2-FLuc and imaged at day 7 and day 28 post injection. We found a rapid
onset of FLuc expression with ev-AAV2 compared to AAV2 (30-fold difference
at day 7, Supplementary Figure S5.6). Interestingly, ev-AAV2 and AAV2 had
almost identical levels of FLuc expression by day 28, 1.8×107 photons/second vs.
1.4×107 photons/second, respectively (Supplementary Figure S5.6). Between
day 7 and 28 for ev-AAV2 there was a slight 40% reduction in FLuc expression,
which is not indicative of a massive T cell response against the vector/transgene
product.

Brain targeting with RVG-tagged ev-AAV after i.v. injection
Having shown superiority of ev-AAV over standard AAV in antibody evasion, we
next tested whether we could enhance the gene delivery capacity of vexosomes
for brain. We prepared ev-AAV9-FLuc as well as ev-AAV9-FLuc from cells that
were co-transfected with a mammalian expression vector encoding for platelet-
derived growth factor receptor transmembrane (TM) domain fused with rabies
virus glycoprotein (RVG) peptide for targeting of ev-AAV to the brain (RVG-
ev-AAV9-FLuc, Supplementary Figures S5.1, S5.7 and S5.8) [23]. The TM
construct has previously been used to express ligands on the surface of cells and
EVs [13, 24] and a general guideline and schematic is shown in Supplementary
Figure S5.7. Per our original studies [13], we utilized the 20k×g ev-AAV fraction
for the targeting experiments. We detected the RVG-TM mRNA in transfected
cells using a reverse-transcriptase (RT) PCR with primers specific for the entire
cDNA (Supplementary Figure S5.8b). The RVG peptide binds to alpha-7 nico-
tinic acetylcholine receptor (AchR), which is expressed on SH-SY5Y cells ([25]
and Supplementary Figure S5.9b). Based on our results in Figure 5.5 showing
that heparin greatly reduced ev-AAV9-mediated transduction, we reasoned that
RVG-ev-AAV9 would be less sensitive to heparin blockade than untargeted ev-
AAV9 as it could use an alternative receptor. SH-SY5Y cells were transduced with
untargeted ev-AAV9-FLuc or RVG-ev-AAV9-FLuc in the presence or absence of
50 μg/mL of heparin. As expected, transduction with untargeted ev-AAV9 was
inhibited significantly more (p < 0.05, 90% inhibition) with heparin compared
to RVG-targeted ev-AAV9 (80% inhibition, Supplementary Figure S5.9a,b). To
further showRVGbinding specificity to AchR, we also did a heparin/RVGpeptide
co-block at the time of transduction with either vector. As expected the addition of
excess soluble RVGpeptide to heparinmix significantly (p < 0.05) decreased trans-
duction of RVG-ev-AAV9-FLuc and not untargeted ev-AAV (Supplementary
Figure S5.9b).

To ascertain the brain targeting potential of RVG targeted ev-AAV, female nude
mice (n=4/group)were injected intravenously (i.v.) via the tail veinwith6.5×1010
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g.c. with ev-AAV9-FLuc, or RVG-ev-AAV9-FLuc and at various time points mice
injected with D-luciferin substrate and imaged for light emission corresponding to
FLuc expression. We first analyzed luminescent images of the head region for ev-
AAV9-FLuc and RVG-ev-AAV9-FLuc injected mice to detect signal in the brain
region. Remarkably distinct signal emanating from the brain could be seen inRVG-
ev-AAV9-FLuc mice but not ev-AAV9-FLuc mice (Figure 5.7a). We also noted a
higher luminescent signal in liver for RVG-ev-AAV9 injected mice compared to ev-
AAV9 injected mice (Supplementary Figure S5.10).
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Figure 5.7: RVG-ev-AAV9-FLuc enhances brain
transduction compared tountargeted ev-AAV9-FLuc.
(a) Bioluminescent images of head region in mice in ev-
AAV9-FLuc and RVG-ev-AAV9-FLuc groups. Note the
circular pattern of bioluminescence emanating from the
brain of RVG-ev-AAV9-FLuc mice (black arrowheads)
which indicate this vector is transducingbrain better than
ev-AAV9-FLuc. (b) Day 32 post-injection mice were
sacrificed and brains cryosectioned coronally in 1 mm
sections. Each section was homogenized and luciferase
activity as well as total protein content determined to
give a FLuc expression profile for the entire brain for
each group of mice. The brain images below the graph
show the approximate location of the section taken for
measurement. (c) Average RLU/mg in striatum sections
for all three groups. (n = 4; ∗ p < 0.05. Radiance =
photons/s/cm2/sr. RLU = Relative Light Units).

To accurately measure FLuc levels throughout the brain in all groups of mice,
we sacrificed animals at day 32 post injection and removed major organs including
the brain. The brain was cryosectioned coronally in 1 mm sections (Figure 5.7b,
photo) and tissue homogenized and an FLuc assay performed in a luminometer
with values normalized to protein content (Figure 5.7b, graph). RVG-ev-AAV9-
FLuc displayed 3–4-fold higher FLuc activity in all sections than ev-AAV9-FLuc
(Figure 5.7). The average RLU/mg for each group was calculated from sections
in the striatum revealing that RVG-ev-AAV9-FLuc was significantly higher than ev-
AAV9-FLuc (4.8-fold, p < 0.05) (Figure 5.7c).

Next we quantitated the luciferase activity in peripheral organs (liver, lung,
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Figure 5.8: RVG-ev-AAV9-FLuc enhances transduction specificity for the brain after i.v.
injection. (a) FLuc activity in tissue homogenates. n = 4; ∗ = p < 0.05. (b) brain targeting
specificity calculated from the ratio of brain transduction to peripheral organ transduction. ∗ p <
0.05. (c) RVG-ev-AAV9-GFP transduced cell types in the brain. Vector was injected i.v. and two
weeks later fixed sections were immunostained for GFP. GFP positive neurons (i, ii.), astrocytes
(iii.), and endothelial cells (iv.) were observed. (Scale bar = 55 μm. RLU=Relative Light Units).

spleen, heart, muscle, and kidney). In liver homogenates, luciferase levels were
significantly lower (p < 0.05) for ev-AAV9 (11-fold) than RVG-ev-AAV9-FLuc
(Figure5.8a). Transduction of the heart was significantly lower (13-fold, p< 0.05)
for RVG-ev-AAV9 compared to ev-AAV9 (Figure 5.8a). To gain insight into the
brain targeting efficiency of the two vectors, we calculated the brain to peripheral
transduction ratio (see section5.2 for formula). RVG-ev-AAV9-FLuc significantly
(p< 0.05) outperformed ev-AAV9 (4.7-fold) in thismeasure of targeting efficiency
(Figure 5.8b).

To analyze the cells of the brain transduced by RVG-ev-AAV9, we produced
RVG-ev-AAV9 vexosomes encoding GFP. Mice were injected i.v. with 2.0×1010

g.c. of vector and twoweeks later sacrificed, perfused, and brains fixed and cryosec-
tioned. Sections were immunostained to detect GFP. We detected transduced
neurons, astrocytes, and endothelial cells (Figure5.8c i– iv) all of which are targets
of standard AAV9 after i.v. injection.
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Discussion
Preclinical and clinical data has revealed that pre-existing neutralizing antibodies
to wild type AAV, even at relatively low titers, can severely limit efficient gene
transfer and subsequent expression by AAV vectors [5, 26–29]. Seroprevalence
calculations in the literaturemay under represent the clinical impact of low levels of
antibodies, both neutralizing and non-neutralizing. Many studies start their serum
dilutions at 1:20 and do not include a large percentage of people with these low
anti-AAV antibody levels. It has been shown that anti-AAV antibody titers as low as
1:3.3 can completely block transduction in vivo, while having a negligible impact on
neutralization of AAV in cultured cells [5]. Since themajority of people have titers
of at least 1:1, forAAV-basedgene therapy tobeuseful for a largepatient population,
it is imperative that next-generation AAV vectors evade neutralizing antibodies, or
there are effective procedures to remove these antibodies from circulation.

It is becoming increasingly clear that classically defined non-enveloped viruses
may associate with cell membranes upon exit from the cell surface and may retain
this association for at least some time in the extracellular environment [9, 10, 30,
31]. This process differs from conventional cell lysis for host cell escape in the
case of a non-enveloped virus. Besides pointing to important steps in the viruses’
life cycle which may provide information on pathogenesis, extracellular vesicle-
associated virus provides a unique strategy for manipulating current gene therapy
vectors, including AAV [13]. We found that ev-AAV9 could efficiently evade neu-
tralizing antibodies when compared to standard vector. This was true for pooled
human serum as well as purified pooled human IgG (Figures 5.1, 5.2 and 5.3).
We first performed in vitro neutralization assays, which were confirmed with the
more robust in vivo passive antibody transfer neutralization assay. Interestingly, we
observed major differences in both the transduction properties, as well as the level
of antibody evasion by isolating ev-AAV9 from two different differential centrifu-
gation speeds. We found that ev-AAV9 isolated from a 20,000×g centrifugation
had its cell culture tropism dependent on the vesicle (heparin and triton sensitive).
ev-AAV9-FLuc was up to 42-fold more efficient at transducing a variety of cells
than standard AAV9-FLuc (Figure 5.6). AAV9 is known to be relatively inefficient
at transduction in culture [21] and often a more efficient serotype (e.g. AAV2)
has to be used in culture experiments to test the effect of the transgene of interest
beforemoving forward with in vivo experiments with AAV9. ev-AAV9 is a valuable
tool as it allows one to use the same serotype in vitro and in vivo. On the other
hand, ev-AAV9 isolated from a 100,000×g centrifugation, was heparin insensitive
in culture. The latter ev-AAV9 fraction was much more efficient at transduction
in cell culture than the 20,000×g fraction and much more resistant to antibodies.
Amazingly, the 100k×g ev-AAV9 fraction mediated 722-fold higher levels of FLuc
activity in the head of mice after i.v. injection relative to standard AAV. This
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transduction was not affected by a dose of IVIg that reduced standard AAV by
80%, increasing the transduction differential to 4000-fold. We showed in various
assays that the resistance to anti-AAVantibodies to the 100k×g ev-AAVsamplewas
vesicle mediated (Figure 5.4a–e). Interestingly, we were able to create an IVIg
resistant AAV by mixing AAV and 293T media containing EVs and centrifuging
at 100k×g (Figure 5.4e). In the future it may be possible to mix purified EVs
derived fromother cell types (with various properties such as immunomodulation)
to create antibody-evading AAVs.

Although it has recently been suggested that the majority of AAV in producer
cell media is full and has a genome [32], we wanted to rule out the possibility that
free empty capsids in the 100k×g ev-AAV9 fraction were responsible for antibody
evasion. We purified the 100k×g ev-AAV9 fraction on a sucrose gradient which
we have previously used to separate free AAV from ev-AAV [13]. We isolated
fractions from the gradient, titered them for genomes by qPCR and then separately
tested them in an IVIg neutralization assay (Supplementary Figure S5.5a). All
fractions were resistant to neutralization, indicating free empty AAV was not likely
responsible for antibody evasion in this fraction (Supplementary Figure S5.5b).
Furthermore our data showing that Triton treatment of the 20k×g and 100k×g ev-
AAV samples increased sensitivity to IVIg neutralization supports the notion that
resistance is vesicle-mediated (Supplementary Figure S5.5e).

Othermethods to overcome antibody neutralization include pre-treating naïve
animals with anti-CD4 antibodies before vector administration [33], empty capsid
decoys which absorb neutralizing antibodies [34], plasmapheresis to remove anti-
bodies from blood [35], balloon catheters and saline flush [36], and engineered
capsids which antibodies do not bind efficiently [37]. All of these methods,
while promising and useful in certain situations, have limitations. For example,
strategies such as antibody and pharmacological-mediated immune modulation,
plasmapheresis, and balloon catheters are not applicable to countries/regions with
inadequate medical technology/infrastructure. The strategy of using excess empty
capsids may induce CTL activity against transduced cells as well as compete with
transgene-containing vector for binding sites in certain organs/structures with lim-
ited receptor densities. Finally engineered capsids, while able to avoid neutralizing
antibodies, are often inferior to the parental vector for transduction of the tissue of
interest.

One benefit of using enveloped, compartmentalized AAV for evasion of anti-
bodies is that it requires no supplemental medical interventions in addition to the
unmodified vector itself. The vector harvested frommedia is in a ready-to-use final
formulation. Furthermore, this strategy should be applicable to any serotype.

The second significant finding of our study is that modifying the surface of EV
with targeting ligands is an economical, fast, and easy approach to altering AAV
transduction in vivo. We chose to use the AAV9 serotype for our studies as it is able

122



55555

Enveloped AAV vectors for shielding neutralizing antibodies

to cross the BBB and efficiently transduce cells in the brain [38], our target organ.
This multistep feature, most likely includes pre and post cellular entry steps and
combined with the shielding properties of EVs, would potentially yield a powerful
gene delivery system. We were able to show brain-selective targeting compared
to untargeted ev-AAV9 after intravenous delivery (Figures 5.7 and 5.8). Typical
approaches to this goal involve genetically modifying the capsid [39] which is a
tedious process, often taking severalmonths to generate vectors of interest. An even
more complex approach uses virus libraries and in vivo selections [40, 41], which
requires a greatdeal of expertise andexperience toperform, andeven then success is
achieved after a trial and error approach. Using extracellular vesicle ligand display,
the targeting ligand-TM construct (usually less than 400 b.p.) is synthesized by
a variety of companies for low cost. The process from ordering the ligand-TM
construct to ev-AAV9 production is approximately 3 weeks. Production of ev-
AAV9 and harvest frommedia is simple.

In addition to increased brain transduction, we observed RVG-ev-AAV9 to
have enhanced transduction of the liver compared to ev-AAV9. The RVG peptide
binds to the nicotinic acetylcholine receptor (AchR) which is expressed on neu-
rons. AchR is also expressed on macrophages [42] and it is possible that RVG-ev-
AAV9 is transducing liver macrophages. In the future, it may be possible to avoid
liver macrophages with this targeting approach by injecting via the intracarotid
artery route so that the first pass of vector through the circulatory system reaches
the brain before liver.

Conclusions
We have shown that extracellular vesicles (EVs) can be utilized to overcome
neutralizing antibodies to a gene therapy vector in vivo. We also observed that
EV-associated AAV9 can outperform standard AAV9 at transduction efficiency in
culture and in vivo. Finally, we show that expression of engineered transmembrane
ligands on the surface of EVs can allow enhanced AAV-encoded gene delivery to
target tissue. These properties bestowed by EVs on AAV vectors may have direct
clinical relevance for antibody evasion and may be applied to other vector systems.

Acknowledgments
This work was supported by a grant from NIH/NINDS R21NS081374-01 (CM).
BG was supported by NIH grant R01DC02281 to David P. Corey. CM has a
financial interest in Exosome Diagnostics, Inc. CM’s interests were reviewed and
are managed by the Massachusetts General Hospital and Partners HealthCare in
accordance with their conflict of interest policies. CM has filed patent applications
related to the ev-AAV (vexosome) technology. We would like to acknowledge the
Neuroscience Center Nucleic Acid Quantitation Core and Image Analysis Core

123



55555

Chapter 5

(supportedbyNINDSP30NS045776). We thankBakhosA.Tannous for technical
advice regarding the RVG-TM construct.

References
[1] Nathwani AC, Tuddenham EG,

Rangarajan S, Rosales C, McIntosh
J, et al. (2011). Adenovirus-
associated virus vector-mediated
gene transfer in hemophilia b. N
Engl J Med 365(25):2357–2365.
[10.1056/nejmoa1108046]

[2] Maguire AM, High KA, Auricchio A,
Wright J, Pierce EA, et al. (2009). Age-
dependent effects of RPE65 gene ther-
apy for leber’s congenital amaurosis: a
phase 1 dose-escalation trial. Lancet
374(9701):1597–1605. [10.1016/s0140-
6736(09)61836-5]

[3] HaddleyK(2013). Alipogene tiparvovec
for the treatment of lipoprotein lipase de-
ficiency. Drugs Today 49(3):161–170.
[10.1358/dot.2013.49.3.1937398]

[4] Muramatsu Si, Fujimoto Ki, Kato S,
Mizukami H, Asari S, et al. (2010). A
phase i study of aromatic l-amino acid de-
carboxylase gene therapy for parkinson’s
disease. Mol Ther 18(9):1731–1735.
[10.1038/mt.2010.135]

[5] Scallan CD, Jiang H, Liu T, Patarroyo-
White S, Sommer JM, Zhou S, Couto
LB, and Pierce GF (2006). Human im-
munoglobulin inhibits liver transduction
byAAVvectors at lowAAV2neutralizing
titers in SCIDmice. Blood107(5):1810–
1817. [10.1182/blood-2005-08-3229]

[6] Louis Jeune V, Joergensen JA, Hajjar
RJ, and Weber T (2013). Pre-existing
anti-adeno-associated virus antibodies
as a challenge in AAV gene therapy.
Hum Gene Ther Methods 24(2):59–67.
[10.1089/hgtb.2012.243]

[7] Mathivanan S, Fahner CJ, Reid GE,
and Simpson RJ (2012). ExoCar-
ta 2012: database of exosomal pro-
teins, RNA and lipids. Nucleic Acids

Res 40(Database issue):D1241–D1244.
[10.1093/nar/gkr828]

[8] Andaloussi SEL, Mäger I, Breakefield
XO, and Wood MJ (2013). Extracellular
vesicles: biology and emerging therapeu-
tic opportunities. Nat Rev Drug Discov
12(5):347–357. [10.1038/nrd3978]

[9] Feng Z, Hensley L, McKnight KL, Hu F,
Madden V, et al. (2013). A pathogenic
picornavirus acquires an envelope by
hijacking cellular membranes. Na-
ture 496(7445):367–371. [10.1038/na-
ture12029]

[10] Ramakrishnaiah V, Thumann C, Fofana
I, Habersetzer F, Pan Q, et al. (2013).
Exosome-mediated transmission of
hepatitis c virus between human
hepatoma huh7.5 cells. Proc Natl
Acad Sci USA 110(32):13109–13113.
[10.1073/pnas.1221899110]

[11] Tian Y, Li S, Song J, Ji T, Zhu M,
Anderson GJ, Wei J, and Nie G (2014).
A doxorubicin delivery platform
using engineered natural membrane
vesicle exosomes for targeted tumor
therapy. Biomaterials 35(7):2383–2390.
[10.1016/j.biomaterials.2013.11.083]

[12] Zhang Y, Li L, Yu J, Zhu D, Zhang Y, et al.
(2014). Microvesicle-mediated delivery
of transforming growth factor β1 siRNA
for the suppression of tumor growth in
mice. Biomaterials 35(14):4390–4400.
[10.1016/j.biomaterials.2014.02.003]

[13] Maguire CA, Balaj L, Sivaraman S,
Crommentuijn MHW, Ericsson M,
et al. (2012). Microvesicle-associated
AAV vector as a novel gene delivery
system. Mol Ther 20(5):960–971.
[10.1038/mt.2011.303]

124

http://dx.doi.org/10.1056/nejmoa1108046
http://dx.doi.org/10.1016/s0140-6736(09)61836-5
http://dx.doi.org/10.1016/s0140-6736(09)61836-5
http://dx.doi.org/10.1358/dot.2013.49.3.1937398
http://dx.doi.org/10.1038/mt.2010.135
http://dx.doi.org/10.1182/blood-2005-08-3229
http://dx.doi.org/10.1089/hgtb.2012.243
http://dx.doi.org/10.1093/nar/gkr828
http://dx.doi.org/10.1038/nrd3978
http://dx.doi.org/10.1038/nature12029
http://dx.doi.org/10.1038/nature12029
http://dx.doi.org/10.1073/pnas.1221899110
http://dx.doi.org/10.1016/j.biomaterials.2013.11.083
http://dx.doi.org/10.1016/j.biomaterials.2014.02.003
http://dx.doi.org/10.1038/mt.2011.303


55555

Enveloped AAV vectors for shielding neutralizing antibodies

[14] Alvarez-Erviti L, Seow Y, Yin H, Betts C,
Lakhal S, and Wood MJ (2011). De-
livery of siRNA to the mouse brain
by systemic injection of targeted exo-
somes. Nat Biotechnol 29(4):341–345.
[10.1038/nbt.1807]

[15] Sun D, Zhuang X, Xiang X, Liu Y,
Zhang S, et al. (2010). A novel
nanoparticle drug delivery system: the
anti-inflammatory activity of curcumin
is enhanced when encapsulated in ex-
osomes. Mol Ther 18(9):1606–1614.
[10.1038/mt.2010.105]

[16] Ohno Si, Takanashi M, Sudo K, Ueda S,
Ishikawa A, et al. (2013). Systemical-
ly injected exosomes targeted to EGFR
deliver antitumor microRNA to breast
cancer cells. Mol Ther 21(1):185–191.
[10.1038/mt.2012.180]

[17] Dai S, Wei D, Wu Z, Zhou X, Wei X,
Huang H, and Li G (2008). Phase i clin-
ical trial of autologous ascites-derived ex-
osomes combined with GM-CSF for col-
orectal cancer. MolTher 16(4):782–790.
[10.1038/mt.2008.1]

[18] Maguire CA, Crommentuijn MHW, Mu
D,Hudry E, Serrano-Pozo A,Hyman BT,
and Tannous BA (2013). Mouse gender
influences brain transduction by intravas-
cularly administered AAV9. Mol Ther
21(8):1470–1471. [10.1038/mt.2013.95]

[19] AtaiNA,Balaj L, vanVeenH,Breakefield
XO, Jarzyna PA, VanNoorden CJ, Skog J,
andMaguireCA (2013). Heparin blocks
transfer of extracellular vesicles between
donor and recipient cells. J Neuroon-
col 115(3):343–351. [10.1007/s11060-013-
1235-y]

[20] Christianson HC, Svensson KJ, van
Kuppevelt TH, Li JP, and Belting
M (2013). Cancer cell exosomes
depend on cell-surface heparan sulfate
proteoglycans for their internalization
and functional activity. Proc Natl
Acad Sci USA 110(43):17380–17385.
[10.1073/pnas.1304266110]

[21] Bell CL, Vandenberghe LH, Bell P,
Limberis MP, Gao GPP, Van Vliet K,
Agbandje-McKenna M, and Wilson JM
(2011). The AAV9 receptor and its
modification to improve in vivo lung
gene transfer in mice. J Clin Invest
121(6):2427–2435. [10.1172/jci57367]

[22] György B, Módos K, Pállinger E, Pálóczi
K, Pásztói M, et al. (2011). Detection
and isolation of cell-derived microparti-
cles are compromised by protein com-
plexes resulting from shared biophysi-
cal parameters. Blood 117(4):e39–e48.
[10.1182/blood-2010-09-307595]

[23] Kumar P, Wu H, McBride JL, Jung KEE,
Kim MH, et al. (2007). Transvascu-
lar delivery of small interfering RNA to
the central nervous system. Nature
448(7149):39–43. [10.1038/nature05901]

[24] Tannous BA, Grimm J, Perry KF, Chen
JW, Weissleder R, and Breakefield
XO (2006). Metabolic biotinylation
of cell surface receptors for in vivo
imaging. Nat Methods 3(5):391–396.
[10.1038/nmeth875]

[25] Gao Q, Liu YJJ, and Guan ZZZ
(2008). Oxidative stress might be
a mechanism connected with the
decreased alpha 7 nicotinic receptor
influenced by high-concentration of
fluoride in SH-SY5Y neuroblastoma
cells. Toxicol In Vitro 22(4):837–843.
[10.1016/j.tiv.2007.12.017]

[26] Murphy SL, Li H, Zhou S,
Schlachterman A, and High KA
(2008). Prolonged susceptibility to
antibody-mediated neutralization for
adeno-associated vectors targeted to
the liver. Mol Ther 16(1):138–145.
[10.1038/sj.mt.6300334]

[27] Jiang H, Couto LB, Patarroyo-White S,
Liu T, Nagy D, et al. (2006). Effects
of transient immunosuppression on
adenoassociated, virus-mediated,
liver-directed gene transfer in rhesus
macaques and implications for human

125

http://dx.doi.org/10.1038/nbt.1807
http://dx.doi.org/10.1038/mt.2010.105
http://dx.doi.org/10.1038/mt.2012.180
http://dx.doi.org/10.1038/mt.2008.1
http://dx.doi.org/10.1038/mt.2013.95
http://dx.doi.org/10.1007/s11060-013-1235-y
http://dx.doi.org/10.1007/s11060-013-1235-y
http://dx.doi.org/10.1073/pnas.1304266110
http://dx.doi.org/10.1172/jci57367
http://dx.doi.org/10.1182/blood-2010-09-307595
http://dx.doi.org/10.1038/nature05901
http://dx.doi.org/10.1038/nmeth875
http://dx.doi.org/10.1016/j.tiv.2007.12.017
http://dx.doi.org/10.1038/sj.mt.6300334


55555

Chapter 5

gene therapy. Blood 108(10):3321–
3328. [10.1182/blood-2006-04-017913]

[28] Manno CS, Pierce GF, Arruda VR, Glad-
er B, Ragni M, et al. (2006). Successful
transduction of liver in hemophilia by
AAV-Factor IX and limitations imposed
by the host immune response. Nat Med
12(3):342–347. [10.1038/nm1358]

[29] Lin J, Calcedo R, Vandenberghe
LH, Figueredo JM, and Wilson JM
(2008). Impact of preexisting vector
immunity on the efficacy of adeno-
associated virus-based HIV-1 gag
vaccines. Hum Gene Ther 19(7):663–
669. [10.1089/hum.2008.033]

[30] Bär S, Daeffler L, Rommelaere J, and
Nüesch JPP (2008). Vesicular egress
of non-enveloped lytic parvoviruses de-
pends on gelsolin functioning. PLoS
Pathog 4(8):e1000126. [10.1371/jour-
nal.ppat.1000126]

[31] Bhattacharya B and Roy P (2010).
Role of lipids on entry and exit of
bluetongue virus, a complex non-
enveloped virus. Viruses 2(5):1218–
1235. [10.3390/v2051218]

[32] Doria M, Ferrara A, and Auricchio A
(2013). AAV2/8 vectors purified
from culture medium with a simple and
rapid protocol transduce murine liver,
muscle, and retina efficiently. Hu-
man Gene Ther Methods 24(6):392–398.
[10.1089/hgtb.2013.155]

[33] Manning WC, Zhou S, Bland MP,
Escobedo JA, and Dwarki V (1998).
Transient immunosuppression allows
transgene expression following
readministration of adeno-associated
viral vectors. Hum Gene Ther 9(4):477–
485. [10.1089/hum.1998.9.4-477]

[34] Mingozzi F, Anguela XM, Pavani G,
Chen Y, Davidson RJ, et al. (2013).
Overcoming preexisting humoral immu-
nity to AAV using capsid decoys. Sci
Transl Med 5(194):194ra92. [10.1126/sci-
translmed.3005795]

[35] Chicoine LG, Montgomery CL, Bre-
mer WG, Shontz KM, Griffin DA, et al.
(2014). Plasmapheresis eliminates
the negative impact of AAV antibod-
ies on microdystrophin gene expression
following vascular delivery. Mol Ther
22(2):338–347. [10.1038/mt.2013.244]

[36] Mimuro J, Mizukami H, Hishikawa S,
Ikemoto T, Ishiwata A, et al. (2013).
Minimizing the inhibitory effect of
neutralizing antibody for efficient gene
expression in the liver with adeno-
associated virus 8 vectors. Mol Ther
21(2):318–323. [10.1038/mt.2012.258]

[37] Maheshri N, Koerber JT, Kaspar BK,
and Schaffer DV (2006). Directed
evolution of adeno-associated virus
yields enhanced gene delivery
vectors. Nat Biotechnol 24(2):198–
204. [10.1038/nbt1182]

[38] Foust KD, Nurre E, Montgomery CL,
Hernandez A, Chan CM, and Kaspar BK
(2009). Intravascular AAV9 preferen-
tially targets neonatal neurons and adult
astrocytes. Nat Biotechnol 27(1):59–65.
[10.1038/nbt.1515]

[39] Sallach J, Di Pasquale G, Larcher
F, Niehoff N, Rübsam M, et al.
(2014). Tropism-modified AAV
vectors overcome barriers to successful
cutaneous therapy. MolTher 22(5):929–
939. [10.1038/mt.2014.14]

[40] Gray SJ, Blake BL, Criswell HE, Nicol-
son SC, Samulski RJ, McCown TJ, and
Li W (2010). Directed evolution of a
novel adeno-associated virus (AAV) vec-
tor that crosses the seizure-compromised
blood-brain barrier (BBB). Mol Ther
18(3):570–578. [10.1038/mt.2009.292]

[41] Grimm D, Lee JS, Wang L, Desai T,
Akache B, Storm TA, and Kay MA
(2008). In vitro and in vivo gene
therapy vector evolution viamultispecies
interbreeding and retargeting of adeno-
associated viruses. J Virol 82(12):5887–
5911. [10.1128/jvi.00254-08]

126

http://dx.doi.org/10.1182/blood-2006-04-017913
http://dx.doi.org/10.1038/nm1358
http://dx.doi.org/10.1089/hum.2008.033
http://dx.doi.org/10.1371/journal.ppat.1000126
http://dx.doi.org/10.1371/journal.ppat.1000126
http://dx.doi.org/10.3390/v2051218
http://dx.doi.org/10.1089/hgtb.2013.155
http://dx.doi.org/10.1089/hum.1998.9.4-477
http://dx.doi.org/10.1126/scitranslmed.3005795
http://dx.doi.org/10.1126/scitranslmed.3005795
http://dx.doi.org/10.1038/mt.2013.244
http://dx.doi.org/10.1038/mt.2012.258
http://dx.doi.org/10.1038/nbt1182
http://dx.doi.org/10.1038/nbt.1515
http://dx.doi.org/10.1038/mt.2014.14
http://dx.doi.org/10.1038/mt.2009.292
http://dx.doi.org/10.1128/jvi.00254-08


55555

Enveloped AAV vectors for shielding neutralizing antibodies

[42] Kim SSS, Ye C, Kumar P, Chiu I, Sub-
ramanya S, Wu H, Shankar P, and Man-
junath N (2010). Targeted deliv-

ery of siRNA to macrophages for anti-
inflammatory treatment. Mol Ther
18(5):993–991001. [10.1038/mt.2010.27]

127

http://dx.doi.org/10.1038/mt.2010.27


55555

Chapter 5

Supplementary Material
Supplementary Methods
RVG-TM reverse transcriptase (RT) PCR. CSCW2-RVG-TM was transfect-
ed into 293T cells in a 6-well plate using the calcium phosphate method. Twenty-
four hours post-transfection, cells were harvested, rinsed in PBS, and lysed in 0.7
mL Qiazol lysis reagent (Qiagen). RNA was then isolated using the miRNeasy kit
(Qiagen) according to the manufacturer’s protocol. RNA yield was determined
by spectrophotometry (Nanodrop). The total yield was 30 μg of RNA (∼350
ng/μL). 1 μL of RNA was used as template in a cDNA reaction using SuperScript
Vilo reverse transcription kit (Life Technologies). Next a PCR using NEB One
Taq (New England Biolabs) was performed using 1 μL from the cDNA reaction.
The primers used annealed specifically to the 5’ and 3’ end of the RVG-TM cDNA.
The forward primer was 5’ ACCATGGAAACGGATACACT 3’ and the reverse
primer was 5’ CTAACGGGGCTTTTTTTGCC 3’. The thermalcycler conditions
were as follows: 94◦C-30s (1 cycle); 94◦C-30s, 59◦C-30s, 68◦C-30s (25 cycles);
68◦C-5 min (1 cycle); 4◦C-hold. PCR products were loaded onto an ethidium
bromide stained agarose gel and electrophoresed before taking images under UV
illumination.

AAV pulldown experiments. The AAV2 antibody clone A20 (American Re-
search Products, Waltham, MA) which recognizes intact capsids was complexed
with Dynabeads® Protein G (Life Technologies) according to the manufacturer’s
instructions. An isotype-matched control antibody which doesn’t bind AAV2
was also complexed with the beads as negative control. Next either free AAV
from iodixanol purifications or vexosomes in conditioned cell culture media (109

g.c.) from AAV producing 293T cells, was mixed with the control or anti-AAV2
Dynabeads® complex. This mixture was incubated with rotation at 4◦C overnight.
The beads and bound material were pulled out of the supernatant using magnets
and the unbound AAV in the supernatant was transferred to a fresh tube, titrated
by qPCR, and used in a neutralization assay as described earlier.

Sucrose gradient purification of 100k×g ev-AAV9-FLuc. Purification was
performed according to the protocol in [11].

In vitro targeting of RVG-TM-ev-AAV9. SH-SY5Y cells were cultured in
EMEM/F12 medium with 10% FBS and 1% penicillin/streptomycin. Cells were
seeded at 50,000 cells/well in 96-well plates 24 h before transduction. 5×107 
g.c. of standard ev-AAV9-FLuc or RVG-ev-AAV9-FLuc were preincubated either
with heparin (50 μg/mL), or with heparin and RVG (100 μM) for 30 min at
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RT. Cells were transduced for 1 h at 37◦C. FLuc assay was performed 48 h post-
transduction using Bright-Glo™ FLuc substrate reagent (Promega,WI, USA) and a
plate luminometer (Dynex Technologies, VA, USA).

Supplementary Figures

i. iii. iv.

v.

or

vs.
vi.

ii.+/-

Supplementary Figure S5.1: Overview of AAV and ev-AAV production protocol. (i.)
293T cells are transfected with AAV plasmids or AAV plasmids + mammalian expression vector
encoding a targeting ligand fused to a transmembrane domain to be expressed on extracellular
vesicles/ev-AAV. (ii.) Media is harvested and ev-AAV pelleted at 20,000 × g. ev-AAV displaying
(iii.) native 293T receptors or (iv.) native receptors + targeting receptor. (v.) Cell lysate is
harvested for standard AAV which is (vi.) purified by iodixanol gradient ultracentrifugation.
Inset: ev-AAV (left) should resist anti-AAV antibodies while standard AAV (right) is susceptible
to antibody binding and neutralization.
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Supplementary Figure S5.2: Other serotypes of ev-AAV are more resistant than standard
AAV to serum and IVIg. (a) Standard AAV2-FLuc or ev-AAV2-FLuc were mixed with the
indicated dilutions of pooled human serum. A neutralization assay was performed on HeLa
cells. Cells were harvested two days post transduction and luciferase levels (RLUs) determined
in the cells. Percent transduction was calculated by comparing the RLU in the sample to the
RLU obtained in the absence of serum (control transduction), which was set to 100%. (b) Same
experiment as (a) except with standard AAV1-FLuc and ev-AAV1-FLuc. (c) Same experiment
as (a) except with IVIg instead of serum. (∗ p < 0.05).

a b

%
 A

A
V

 re
si

st
an

t 
to

 p
ul

ld
o

w
n

AAV2
0

100

20

40

60

80

isotype control
anti-AAV2

%
 t

ra
ns

d
uc

tio
n 

o
f c

o
nt

ro
l

1:2000

1:1000
1:500

1:320
1:160

1:80
1:40

0

20

40

60

80

Serum dilutions

isotype control (ev-AAV)

anti-AAV2 (ev-AAV)

AAV2

SupplementaryFigure S5.3: FreeAAVcapsiddoesnot contribute to antibody evasionof ev-
AAV. (a) Iodixanol purified standard AAV2 in media was incubated with a monoclonal antibody
which recognizes intactAAV2capsids. This antibodywas boundbyProteinGmagnetic beads. An
isotype control antibody bound to the same magnetic beads was used as control. After pulldown
residual AAV in media was titered by qPCR. (b) ev-AAV2-FLuc was incubated with the anti-
AAV2 antibody/Protein G bead mixture or the isotype control/Protein G beads overnight to
remove any free AAV2 capsids. The next day equal g.c. of each sample were mixed with different
dilutions of AAV2 serum and a neutralization assay performed on HeLa cells.
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The fractions in (a)were analyzed for resistance to antibodyneutralizationusing 0.5mg/mL IVIg.
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Supplementary Figure S5.6: Faster FLuc expression kinetics after ev-AAV transduction in
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1. Design transmembrane-fused ligand

3. Clone into mammalian expression vector

+

2. Have construct synthesized with flanking restriction sites:
    Companies like Aldevron, Genscript, IDT do this

Supplementary Figure S5.7: Cloning strategy for ligand expression on EVs.
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Supplementary Figure S5.8: RVG-TM construct. (a) Schematic of transmembrane bound
RVGpeptide to be expressed on the EV surface. Signal, Igκ signal sequence; RVG, rabies virus gly-
coprotein peptide; PDGFR-TM, platelet-derived growth factor receptor transmembrane domain.
(b) Reverse-transcriptase PCR does detect RVG-TM mRNA in transfected cells. The expected
band was detected in samples from which RNA was extracted from 293T cells transfected with a
plasmid encoding RVG-TM (NTC = no template control).
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Supplementary Figure S5.9: Targeting specificity of RVG-TM-ev-AAV9-FLuc. (a) Trans-
duction of SH-SY5Y cells with RVG targeted ev-AAV9 or untargeted ev-AAV9 in the presence
of heparin. Data is expressed in percent inhibition of transduction with heparin compared to
transduction with PBS only. (b) Transduction of SH-SY5Y cells with RVG targeted ev-AAV9
or untargeted ev-AAV9 in PBS, 50 μg/mL heparin, or double blocking with 50 μg/mL heparin
+100 μMRVGpeptide. n = 8 for (a) and n = 3 for samples in (b). Inset, Flow cytometric analysis
of alpha-7 nicotinic acetycholine receptor (AchR) expression on SH-SY5Y cells. Red line, anti-
AchR antibody, followed byAlexa Fluor 488-labeled secondary; black line, secondary only. (RLU
= Relative Light Units).

133



55555

Chapter 5

D
o

rs
al

Ve
nt

ra
l

ev-AAV RVG-ev-AAV

Radiance

2.0

1.5

1.0

0.5

x 107

6.0

4.0

2.0

x 106

Head

Liver

Supplementary Figure S5.10: ev-AAV9 andRVG-ev-AAV9mediated FLuc expression after
systemic injection inmice. Day7post-injection bioluminescence profile for ev-AAV9-FLuc and
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yellow dashes. This data is representative of 4 independent experiments (n = 4 for each group).
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Abstract
Extracellular vesicles (EVs) are released from many cell types, including platelets.
Both EVs and platelets play a role in cancer progression and metastasis. In
this project we attempted to study the interactions between platelets, EVs, and
glioblastoma (GBM).We created mT/mG reporter cell lines of both human GBM
and mouse GBM cells, in which expression of Cre-recombinase (Cre), effectively
switches red fluorescent cells to green. Co-culture and intracranial co-injection of
GBM-mT/mGcells andGBM-Cre cells orGBM-CreEVs switched a fractionof the
mT/mG reporter cells from red to green, albeit that the frequency of this process
was low. We then used the Pf4-Cre transgenic mouse model that expresses Cre in
megakaryocytes and platelets. Cre+ platelets were isolated from the blood of Pf4-
Cre mice, and injected intravenously (i.v.) via the tail vein into intracranial GBM-
mT/mG-bearing recipient mice. As a negative control, isolated platelets from wild
type mice were injected. Fluorescence imaging of brain sections of nude mice
bearing human GBM8-mT/mG tumors showed sparsely present tumor cells that
switched from tdTomato (red) to GFP (green) in the mice injected with Pf4-Cre
platelets, but not in control mice, suggesting transfer of Cre from platelets to the
human recipient GBM cells. A limited number of GFP-expressing GBM cells were
also observed inGFAP-Cremice thatwere employed to visualizeGFAP+ astrocyte-
to-GBM crosstalk. Unfortunately, no GFP-expressing cells were detected when
using Pf4-Cre mice bearing syngeneic intracranial mouse GBM-mT/mG tumors,
which we attribute to the relative inefficiency of the syngeneic reporter system,
since injection of isolated Cre+ platelets in the human xenograft model did result
in platelet-GBM crosstalk. Altogether, these syngeneic and human GBM reporter
models can be employed to study platelet-tumor interaction in vitro and/or in vivo
under physiologically relevant conditions, as shown here for GBM.
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Introduction
Extracellular vesicles (EVs) are released by both normal andmalignant cells, includ-
ing platelets. They differ in size, composition and protein markers, and are known
to carry RNAs and proteins from the host cell to a recipient cell [1]. EVs from
malignant tumors have been studied extensively. For example, GBM cells shed
EVs, and mRNAs and miRNAs abundant in these tumor cells can be detected in
their EVs [2, 3]. In recent years it has become increasingly clear that EVs play a role
in cancer progression, migration and invasion, particularly those originating from
tumor cells themselves [4–6].

Thrombocytes (blood platelets) are derived from their precursor, the mega-
karyocyte, and play a major role in hemostasis. More recently, they have also been
implicated in the promotion of tumor growth and metastasis [7, 8]. Platelets may
contribute to tumor growth either by interactions with cancer cells or with the
tumor microenvironment. Tumor cells have been shown to secrete cytokines that
are taken up by platelets and recruits them to tumor sites [9], creating a specialized
microenvironment. Subsequent tumor-platelet interactions could create niches for
metastatic progression through attracting granulocytes [10]. In addition, platelets
are known to release high numbers of EVs upon activation (platelet EVs are also
called platelet-derived microparticles or PMPs). Different types of EVs are known
to be released from platelets, involved in hemostasis, immune regulation and
development, which contain functional mRNAs and miRNAs [11–14]. Platelets
take up EVs from their environment and release them upon activation, thereby
transferring functional information from exogenous and endogenous EVs to reci-
pient cells, which may contribute to tumor growth [8, 15].

In this project we aimed to study the interactions that take place between
platelets, EVs, and GBM in cell culture and in mice. To this end we developed
mT/mGreporter cells of both human andmouseGBMcells to enable visualization
of crosstalk.

Materials & methods
Cell culture and EV isolation
Primary human GBM8 cells [16] and mouse GBM696677 cells, derived from
Pten;Ink4a/Arf;K-Ras;LucR mice [17], were cultured as neurospheres in MHM
stem cell medium supplementedwith 10 ng/mLEGF and 10 ng/mLbFGF.MHM
stem cell medium (~500 mL final volume) was prepared by mixing 325 mL of
sterile tissue culture water, 100mLDMEM/F12, 50mLhormonemix, 10mL30%
glucose, 5 mL L-glutamine, 7.5 mL 7.5% NaHCO3, 2.5 mL 1MHEPES and 5 mL
penicillin/streptomycin. The mixture was sterile filtered using a SteriCup® filter
unit (EMD Millipore) and stored at 4 ◦C. All cells were cultured in an incubator
at 37 ◦C under 5% CO2 humidified atmosphere.
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Standard lentiviral transduction was used to generate Cre-recombinase+ cells
and mT/mG reporters were generated by transfection of a linear fragment from
the mT/mG plasmid used to generate mT/mG transgenic mice. This process was
used to in both primary human GBM8 cells and primary mouse GBM cells. These
reporter cells carry a floxed allele for membrane-localized tdTomato (mT) that can
be excised by expression of Cre-recombinase (Cre), as previously described [18].
Excision results in alternate expression of membrane-localized eGFP (mG), which
can be observed phenotypically as cells switch from red to green fluorescence. The
mT/mG construct and principle of switching is shown in Figure 6.1a.

EVs were isolated from exponentially growing cells cultured in EV-depleted
medium. Supernatant was collected and differential centrifugation was used to
pellet EVs as described previously [19]. Briefly, cells and cellular debris was
removed by centrifugation at 500×g for 10min, 2000×g for 15min and 10000×g
for 30 min. Finally, EVs were pelleted by centrifugation in a Beckman Coulter L-
90K ultracentrifuge at 70000×g for 1h, washed with 1x cold PBS and centrifuged
again at 70000×g for 1h. The resulting pellet was resuspended in PBS after which
the EV concentration was estimated by Bradford assay for total protein content.

HumanGBM cells expressingmT/mGwere co-cultured in 96-well plates with
parental GBM cells, GBM-Cre cells or EVs isolated from Cre-expressing GBM
cells. Images were taken at 5, 10 and 15 days after seeding on a Axio Observer.Z1
microscope (CarlZeissMicroscopyB.V., Sliedrecht, theNetherlands) and analyzed
with the Zen software package (v2 blue edition, Carl Zeiss).

Fluorescence-activated cell sorting
Three rounds of fluorescence-activated cell sorting (FACS) were used for the strict
selection of highly-positive tdTomato-expressing cells. FACSwas performed by an
operator at the Netherlands Cancer Institute FACS core facility. After each sort,
cells were cultured under standard condition. Before experimental use of GBM-
mT/mG cells, FACS analysis was used to confirm tdTomato expression.

Animal studies
All mice were housed and handled, and experiments were performed in concor-
dance with the VU University Medical Center and Netherlands Cancer Institute
animal ethics committees. For all orthotopic xenograftmodels, mice were anesthe-
tized with isoflurane, placed in a stereotaxic frame and injected intracranially with
2 μL of GBM cells using a pump controller attached to a Hamilton syringe with a
33-gauge needle (Hamilton, Reno,NV), at the following coordinates frombregma:
+1.0 antero-posterior, -2.0 medio-lateral, -3.0 dorso-ventral. Female FVB:Nu/Nu
mice were injected with 1×105 GBM8-mT/mG cells to establish human primary
GBMmodels. For syngeneic models, female FVB:129/Ola F1 mice were injected
with 1×104 GBM-mT/mG cells. Co-injections were done with a 1:1 mix totaling
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1×104 mouseGBM-mT/mG andGBM-Cre or parental GBM cells. Likewise, Pf4-
Cre;FVB:129/Ola F1 mice and GFAP-Cre;FVB:129/Ola F1 mice were intracra-
nially injected with 1×104 GBM-mT/mG cells. Bioluminescence imaging was
used to follow tumor growth over time, as previously described [17].

In Pf4-Cre mice, Cre expression is under control of the platelet factor 4 (Pf4)
promoter in megakaryocytes [20], therefore, Cre will be present in progenitor
cells. For platelet transfusionmodels, donormouse bloodwas obtained via cardiac
puncture. On average, around 900 μL of whole blood was obtained from each
mouse and the blood of three mice was pooled in heparin-EDTA tubes. As an
anticoagulant, a mixture of 50 IU/mL heparin in saline was prepared. After the
addition of 1

3
th the volume of anticoagulant, the tubes were carefully mixed by

inversion and platelets were isolated via a standard centrifugation protocol. Briefly,
heparin-EDTA tubes containing whole blood were centrifuged for 30 minutes at
160×g, after which 9

10
th of platelet-rich plasma was transferred to a fresh tube and

1
10
th the volume of anticoagulant was added. The tubes were then centrifuged

again for 10 minutes at 300×g, plasma was carefully removed and platelets were
carefully resuspended in 120 μL anticoagulant. Platelet counts were measured
on a Coulter ACT analyzer (Beckman Coulter, Brea, CA). Before intravenous
injections, platelets were diluted in saline to 5×108 cells/mL. Each mouse was
placed in a restrainer and injected via the tail vein with 100 μL of platelet solution.

Digital pathology and fluorescence microscopy
Brains were sectioned, collected on slides and stained at the Netherlands Cancer
Institute by their specialized core facility. Immunohistological staining for GFP or
tdTomato was performed on formalin-fixed paraffin embedded slides, while nuclei
where counterstained using methylene blue. After placing a coverslip and allowing
the slides to dry, they were photographed on a Aperio AT2 Slide Scanner (Leica
Biosystems, Wetzlar, Germany). Images were analyzed using the ImageScope
software package (v12.2, Leica). For fluorescence microscopy, sections mounted
on slideswere viewedunder aAxioObserver.Z1microscope and imageswere taken
using the Zen software package (Carl Zeiss).

Results
EVs of Cre-expressing cells, expected to contain Cre mRNA or protein, may drive
Cre expression in target cells. Phenotypically, in ourmT/mG reporter cells, expres-
sion of Cre would lead to a switch from expression of tdTomato (mT, red) to eGFP
(mG, green) (Figure 6.1a). To this end, human GBM cells expressing mT/mG
were co-cultured with their respective parental cells, Cre-expressing cells or EVs
isolated from Cre-expressing cells. A switch from red-to-green fluorescence could
beobserved in someof themT/mGcells thatwere co-culturedwithCre-expressing
cells or those co-cultured with EVs from Cre-expressing cells. This effect did not
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occur in the GBM-mT/mG cells co-cultured with parental GBM cells, indicating
that Cre expression was responsible for the phenotypic switch (Figure 6.1b).

c

b
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GBM-mT/mG cells
+ parental GBM cells

GBM-mT/mG cells
+ GBM-Cre cells
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Figure 6.1: Construct for mT/mG reporter and principle of Cre recombination, as used
in culture and intracranial GBM models. (a) Reporter cells were generated for both human
and mouse GBM cells. These cells carry a floxed allele for membrane-localized tdTomato (mT),
which can be excised by expression of Cre-recombinase (Cre), resulting in alternate expression of
membrane-localized eGFP (mG). (b) Human GBM cells expressing mT/mG were co-cultured
with parental cells (left) orCre-expressing cells (middle) or EVs fromCre-expressing cells (right).
A switch from red-to-green fluorescence was observed in mT/mG cells co-cultured with Cre-
expressing cells or their EVs, but this effect did not occur in co-culture with parental cells (no
Cre expression). (c) Syngeneic mouse GBM-mT/mG cells were co-injected with mouse GBM-
Cre cells into the right striatum of FVB:129/Ola F1 mice. Tumors were allowed to form and
three weeks later mice were sacrificed. Brain slices were immunohistochemically stained for GFP
expression, which showed that some recipient cells had indeed switched due to expression of Cre.
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Next, we determined whether co-injection of GBM-mT/mG cells and GBM-
Cre cells in mice has a similar effect as observed in vitro. Therefore, a 1:1 mix of
mouse GBM-mT/mG and GBM-Cre or parental cells were injected intracranially
into the right striatum of FVB:129/Ola F1 backgroundmice as a syngeneic model.
Immunohistological staining for GFP showed that some mT/mG-expressing cells
had been switched from red to green by expression of Cre (Figure 6.1c).

b

a

GBM-mT/mG cells
+ Control platelets

GBM-mT/mG cells
+ Pf4-Cre platelets

Pf4-Cre platelet donor

Recipient with i.c. 
GBM-mT/mG tumor

Pf4-Cre platelet-derived EVs

Figure 6.2: FVB:Pf4-Cre transgenicmice expressCre inmegakaryocytes andplatelets, and
can transfer Cre to recipient cells after intravenous injection. (a) Platelets were harvested
from the blood of Pf4-Cre mice or FVB control mice and intravenously injected via the tail
vein into intracranial human GBM-mT/mG tumor-bearing mice. A graphical representation of
possible crosstalk between platelet and tumor cell is shown. (b) Fluorescence microscopy was
used to view brain sections. All human GBM-mT/mG tumor cells in the brain of recipient nude
mice injected with control platelets showed red fluorescence (left). In contrast, in sections from
the recipient mice injected with platelets from Pf4-Cre mice, some green human GBM-mT/mG
cells couldbeobserved indicating thatCrewas transferred fromplatelets to tumor cells andcaused
a phenotypic switch to GFP expression.

Functional transfer of Cre between GBM cells happens both in vitro and in
vivo and causes phenotypical changes in target reporter cells (Berenguer et al.,
submitted). To establish whether exogenous platelets could transfer Cre to GBM-
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mT/mG cells in mice, platelets were harvested from the whole blood of FVB:Pf4-
Cre transgenic mice or FVB wild type mice. In Pf4-Cre mice, Cre expression is
under control of the Pf4 promoter in megakaryocytes [20], therefore, Cre will
be present in progenitor cells. To test this hypothesis, donor mouse blood was
obtained via heart puncture andplateletswere isolated via a standard centrifugation
protocol.

Pf4-Cre platelets and control platelets were i.v. injected in GBM-mT/mG
tumor bearing recipient mice. A graphical representation of possible cross-talk
from platelets to tumor cells is shown in Figure 6.2a, in which i.v. administered
Cre-containing platelets can switch recipientGBM-mT/mGcells from red to green
fluorescence. All the GBM-mT/mG tumor cells in the recipientmice injected with
FVB control platelets showed red fluorescence (Figure 6.2b, left). In contrast,
in sections from the recipient mice injected with Pf4-Cre platelets, some green
tumor cells were observed (Figure 6.2b, right). This indicates that the i.v. injected
exogenous platelets homed to the tumor site, became activated and released their
payload, which could enter themT/mG tumor cells and changed the phenotype in
recipient cells. Cre was transferred from the platelets and switched these cells from
red to green.

Due to the inefficient switching of cells in previous models, we evaluated
whether this process was more effective in different Cre-expressing mouse models
–Pf4-Cre;FVB:129/Ola F1 and GFAP-Cre;FVB:129/Ola F1 mice. As before,
syngeneic GBM-mT/mG cells were injected into the right striatum of these mice
to assess host–glioblastoma interactions. GFPor tdTomato stainingwasperformed
on formalin-fixed paraffin embedded slides, usingmethylene blue as a counterstain.
While tdTomato staining was strong in the tumor (Figure 6.3b,d), very few cells
showedGFP-positive staining. SporadicGFP-expressing cellswere observed in the
GFAP-Cremodel (Figure 6.3a), while we could not detect any GFP-positive cells
in thePf4-Cremodel (Figure6.3c). Thiswould suggest thatCrewas not efficiently
transferred to recipient cells.

Discussion
The tumor microenvironment is a dynamic milieu, engineered by tumor cells to
ensure survival. Both EVs and platelets play a role in communication between the
tumor and the host. Functional transfer of information can occur between tumor
cells, tumor-to-host cells or host-to-tumor cells. Here we show that transfer of
Cre between donor and recipient cells might occur via EVs, either by Cre mRNA
that is transported via EVs and translated and expressed in recipient cells or by
direct transfer of Cre protein. Both in vitro co-culture and in vivo co-injection of
GBM-mT/mG and GBM-Cre cells led to expression of Cre in recipient cells, as
manifested by the presence of some GFP-positive cells. Moreover, expression of
GFP occurred in GBM-mT/mG cells after co-culture with EVs isolated from Cre-
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Figure 6.3: GFP and tdTomato staining on brain sections of syngeneic mouse GBM-
mT/mG tumor-bearing GFAP-Cre and Pf4-Cre mice. GFAP-Cre and Pf4-Cre mice were
injected with 1×104 GBM-mT/mG cells. After four weeks, mice were sacrificed and brains were
harvested, formalin fixed and paraffin embedded. Staining was performed on slide against GFP
(a,c) or tdTomato (b,d) combined with a methylene blue counterstain. Sections were imaged
on a Leica Aperio slide scanner and analyzed using their ImageScope software. (a) Sporadic
GFP-positive GBM-mT/mG cells were found in brain sections of GFAP-Cremice, which did not
correspondwith (b) tdTomato-positive staining. (c)Therewere noGFP-positiveGBM-mT/mG
cells observed in brain sections of Pf4-Cre mice, while (d) tdTomato staining was positive and
specific for tumor cells.

expressing cells, indicating that transfer of Cre takes place at least partially via the
exchange of EVs.

Interestingly, in our syngeneic in vivomousemodels, the cells positive for GFP
expression were mostly observed around the border of the tumor (co-injection
model) or a blood vessel (GFAP-Cre model). On the one hand, the border of the
tumor couldbemoreeasily accessible toEVs fromneighboringCre-expressing cells,
hence the higher number of GFP-expressing cells. On the other hand, one might
speculate that recipientGBMcells that have taken upEVs fromotherGBMcells are
more prone to migrate and drive tumor growth, and that they are therefore found
near the tumor border. Tumor cell-derived EVs from either Cre-expressing or non-
Cre-expressing cells can possibly induce invasiveness. Others have shown that
metastatic behavior can be phenocopied between cells through exchange of EVs
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and that uptakeofmetastatic tumor cell-derivedEVsby lessmetastatic cells induces
a more aggressive phenotype [6]. Cre expressed in donor cells was transferred to
the recipient cells which enabled the switch from tdTomato to GFP expression
in some cells. However, only very few cells with GFP expression were detected
showing that this process in our current model was inefficient.

Platelets play an important role in host-to-tumor and tumor-to-host commu-
nication. Tumor-educated platelets can help shape the tumor milieu and shield
metastasizing tumor cells to aid in immune evasion [21]. We wanted to deter-
mine if Cre-containing platelets were able to affect intracranial GBM cells after i.v.
injection, as a model for host-to-tumor communication. Indeed, exogenous Pf4-
Cre platelets injected i.v. into GBM-mT/mG tumor bearing mice caused a switch
from tdTomato to GFP expression after Cre recombination in recipient GBM cells.
This red-to-green switch in recipient GBM reporter cells suggests that platelets can
home to the tumor site, where they are activated and release their EV payload.
However, similar to our other models, only few green cells were observed, which
shows that thismodel needsoptimizationbefore it canbeused to study the intricate
interactions that take place in the tumor microenvironment.

Platelet EVs could play an important role in the transfer of Cre mRNA to
recipient cells in this model, as well as a means of host-tumor communication and
vice versa. Although Cre is used as a model here, in order to visualize functional
transfer, platelets and EVs contain many RNAs or proteins. It has already been
shown that platelets and platelet EVs contain active mRNAs and miRNAs which
exert their function in recipient cells [12]. Furthermore, it is clear that platelets
take up EVs or mRNAs from their environment, including those shed from tumor
cells, which allows for tumor-educated platelet-based cancer diagnostics [22, 23].

Unfortunately, the in vivomodels used in this study appeared to be very ineffi-
cient and only few tumor cells were found that expressed GFP after recombination
due to expression of Cre. Others have used a similar reporter system to show
exchange of EVs between tumor cells and between the tumor and the tumor
microenvironment [6, 24]. Upon examination of the Cre-expressing tumor cells,
we found that only a small percentage of these cells actually expressed Cre. It is
therefore likely that non-Cre-expressing GBM cells outgrew the population of Cre-
expressing GBM cells, which are not able to induce a switch from red-to-green
fluorescence. Single cell sorting and selection of Cre-expressing cells needs to be
performed in order to obtain a more homogeneous population. Furthermore, it
is possible that multiple copies of Cre recombinase ended up in a transduced cell,
and Cre can be toxic to cells causing a reduction in proliferation [25]. Similarly,
multiple copies of mT/mG could have ended up in reporter cells and those were
selected for high expression of tdTomato. Arguably, low expression of Cremay not
be able to recombine all the loxP sites in high expressing reporter cells, possibly
causing these cells to express a mix of tdTomato and GFP, rather than fully switch-
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ing fromone phenotype to the other. In contrast, mT/mGexpression in transgenic
mice is bi-allelic and confined to the ROSA26 locus, where low expression of
Cre could cause a phenotype switch [18]. Finally, because the absence of GFP-
positive cells is most apparent in our syngeneic mouse models, it is possible that
a single cell expressing GFP would induce a cell-mediated immune response and
is subsequently eliminated, while this does not occur with the large amount of
tdTomato-expressing cells.

The models used in this study are limited to tumor–tumor or platelet–tumor
interactions. Other studies suggest that platelets are involved in shaping the mi-
croenvironment, which relies on tumor–platelet communication. It is not unlikely
that EVs also play a role here and analysis of platelet EVs and their payload delivery
to GBM tumor cells in culture and in mice could shed a light on the information
contained. Furthermore, GBM–host interactions can be studied using GBM-Cre
cells in an mT/mG mouse model and the involvement of EVs. These mT/mG
reporter models will allow for more functional studies to determine the effect of
platelets and EVs on GBM in physiologically relevant in vivo tumor models and
potential pathways to tumor inhibition by interfering with their interactions.
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“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

159



7777777

Chapter 7

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
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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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Summary
Glioblastoma (GBM) is the most common and highest grade malignant primary
brain tumor in adults, with a very dismal prognosis. Despite aggressive treatment
consisting of surgery, radiation therapy and chemotherapy, the survival benefit
is extremely limited. Current therapies cannot tackle the invasive growth of
this tumor and targeted therapies tested in clinical trials often fail due to tumor
heterogeneity or limited blood-brain barrier (BBB) penetration and thus low
bioavailability. Innovative treatment strategies are needed to address these issues.
In this thesis we developed several adeno-associated virus (AAV) vector-based
therapies targeting the brain. Furthermore, we looked at visualization of the
interplay between GBM, platelets and extracellular vesicles (EVs) in the tumor
microenvironment.

The first chapter introduces the subjects discussed in the other chapters of
this thesis, in greater depth. Current therapies against GBM and their limitations
are outlined, followed by intercellular communication via EVs, the involvement
of platelets, and the use of preclinical models for therapeutic development. In
addition, a detailed background of AAV is described, as well as its use as a gene
therapy vector in clinical and preclinical studies. Literature related to the presented
work and thesis aim is discussed.

In the second and third chapter, we usedAAV as a delivery vehicle for soluble,
secreted tumor necrosis factor-related apoptosis inducing ligand (sTRAIL) to the
brain tumor milieu in the brain of GBM-bearing mice. As TRAIL has been shown
to induce apoptosis in a variety of cancer cells, we used this as a model to study the
delivery, expression and efficacy of AAV-mediated gene therapy against GBM.

Previous work from our laboratory has shown that different GBM cell lines
show a varying amount of sensitivity to TRAIL-induced cell death and that this
can be overcome by treatment with lanatoside C. In the second chapter, we
developed an AAV.rh8 vector encoding sTRAIL and delivered it to the brain tumor
environment via direct intracranial injection. Both a single injection of AAV vector
at the tumor site ormultiple injections around the tumor site showed some efficacy
against GBM, and this effect was enhanced by systemic lanatoside C co-treatment.
Moreover, lanatoside C could be used to sensitize TRAIL-resistant GBM cells in
vivo, leading to a decrease in tumor growth.

GBM is a highly proliferative tumor with an invasive growth pattern, which
poses a major obstacle in combating this disease. Intracranial injection of a vector
has mostly local effects, incapable of reaching infiltrating tumor cells elsewhere in
the brain. Due to the high vascularization of the brain, an intravenously (i.v.) ad-
ministered vector could potentially have greater distribution compared to localized
intracranial injections. However, access to the central nervous system (CNS) is
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tightly regulated by the BBB and many vectors are prevented from reaching the
brain.

AAV serotype 9 (AAV9) can pass the BBB after i.v. administration, which we
used in the third chapter as a vector for therapeutic transgene delivery to the brain.
In addition, we looked at transcriptional targeting of transgene expression by using
the neuron-specific enolase (NSE) promoter and compared it to the ubiquitous
hybrid cytomegalovirus/chicken beta-actin (CBA) promoter. Transgene expres-
sion driven by the NSE promoter would be more restricted to the brain, while the
CBA promoter is active in all tissues possibly leading to side effects after systemic
administration of a vector. Using two different reporter genes, overall transgene
expression was at least ten times lower with the NSE promoter compared to the
CBA promoter. AAV9-mediated sTRAIL expression using either promoter lead to
an increased survival of GBM-bearing mice, while there was a trend towards better
survival using the CBA promoter compared to the NSE promoter.

In addition,we found that transgeneexpressionof a reporter genewas increased
in the brain of some mice compared to others. In the fourth chapter we describe
thatmouse gender influences transduction and transgene expression of i.v.-injected
AAV9vector, with increased expression levels in thebrain anddecreasedexpression
levels in the liver of female mice compared to males.

During standard production of AAV in cell culture, we found that a portion of
AAV vector is associatedwith EVs. Chapter five describes the use of EV-associated
AAV as a gene therapy vector and incorporating a brain-targeting peptide on the
surface of EVs, thereby enhancing transduction in the brain. Moreover, compared
to “naked” AAV, EV-associated AAV was less sensitive to neutralizing antibodies,
which are common in the general population and can completely inhibit AAV trans-
duction of (target) cell populations. This provides evidence that EV-associated
AAV could have potential as a novel gene therapy vector.

In recent years, it has become appreciated that EVs play an important role
in intercellular communication. Both healthy cells and tumor cells produce EVs
that can be taken up by other cells, thus transferring functional mRNA or protein
from one cell to another. We made use of a switchable Cre-loxP reporter system
in chapter six, to visualize the interactions between GBM cells, platelets and
EVs. Transfer of Cre-containing EVs to reporter GBM cells in vitro caused some
recombination, however, in vivo this process was much less efficient. Furthermore,
Cre-containing platelets injected i.v. could home to the intracranial tumor and
cause some recombination in reporter GBM cells. Similarly, some recombination
was observed in GFAP-Cre expressing mice bearing syngeneic intracranial GBM
reporter cells.

Finally, the seventh chapter discusses the work presented in this thesis and
highlights some future perspectives and research avenues for AAV-mediated gene
therapy in GBM.
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Glioblastoom (GBM) is de meest voorkomende en meest kwaadaardige primaire
hersentumor in volwassenen, met een zeer slechte prognose. Ondanks een
aggressieve behandeling, bestaande uit chirurgie, bestraling en chemotherapie,
is het voordeel voor de patiënt minimaal. De huidige therapieën kunnen niet
voorkomen dat de tumor invasief groeit en doelgerichte therapieën die getest
worden in klinische trials falen vaak door tumor heterogeniteit of omdat ze niet
door de bloed-hersen barriëre (BHB) komen. Innovatieve strategiën zijn nodig
om deze problemen aan te pakken. In dit proefschrift hebben we verschillende
therapeutische vectoren getest gebaseerd op adeno-geassocieerd virus (AAV) om
het brein te bereiken. Daarnaast hebben we gekeken naar het in beeld brengen van
de communicatie tussen GBM, bloedplaatjes en extracellulaire vesikels (EVs) in
het tumor micromilieu.

Het eerste hoofdstuk introduceert in meer detail de onderwerpen die in de
andere hoofdstukken besproken worden. De huidige therapieën tegen GBM en
hun limitatieswordenuitgelegd, gevolgddoor intercellulaire communicatie viaEVs,
de invloed van bloedplaatjes en het gebruik van preklinische modellen voor het
ontwikkelen van therapieën. Verder wordt gedetailleerde achtergrondinformatie
gegeven over AAV, zoals het gebruik van dit virus als vector voor gentherapie en
klinische en preklinische studies. Literatuur die relevant is voor dit werk en het
doel van dit proefschrift wordt bediscussieerd.

In het tweede en derde hoofdstuk hebben we AAV gebruikt als een afleve-
ringsmethode voor oplosbare, uitgescheiden tumor necrosis factor-gerelateerde
apoptosis-inducerende ligand (sTRAIL) in het hersentumormilieu in het brein van
muizenmetGBM. In eerdere studies is aangetoond dat TRAIL kan leiden tot apop-
tose (geprogrammeerde celdood) in verschillende typen kankercellen. Zodoende
hebben wij dit model gebruikt om de aflevering, expressie en doeltreffendheid van
AAV-gereguleerde gentherapie tegen GBM te bestuderen.

Eerder werk uit ons laboratorium heeft laten zien dat verschillende GBM
cellijnen een andere gevoeligheid hebben voor TRAIL-geinduceerde celdood en
dat ongevoeligheid hiervoor kan worden verholpen door behandeling met lanato-
side C. In het tweede hoofdstuk hebben we een AAV.rh8 vector gemaakt die
sTRAIL produceert en deze direct in de tumor omgeving geïnjecteerd. Zowel een
enkele injectie met AAV vector in de tumor als meerdere injecties om de tumor
heen liet enige werkzaamheid zien en dit effect werd versterkt door systemische
behandeling met lanatoside C. Bovendien kon lanatoside C gebruikt worden om
TRAIL-resistente GBM cellen weer gevoelig te maken in muizen, wat leidde tot
een afname in tumor groei.

GBM is een zeer snel delende tumor die invasief groeit, wat een enorme belem-
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mering vormt in de behandeling van deze ziekte. De intracraniale injectie van een
vector heeft vooral lokale effecten, welke niet in staat zijn om infiltrerende tumor
cellen elders in het brein te bereiken. Vanwege de vele bloedvaten in het brein zou
een intraveneus (i.v.) toegediende vector wellicht een grotere distributie hebben
vergeleken met lokale intracraniale injecties. Echter, toegang tot het centrale
zenuwstelsel (CNS) is zeer strak geregeld door de BHB en veel vectoren kunnen
niet het brein bereiken.

AAV serotype 9 (AAV9) kan de BHBpasseren na i.v. toediening en deze vector
hebben we in het derde hoofdstuk gebruikt voor de therapeutische aflevering van
gentherapie in de hersenen. We hebben daarnaast ook gekeken naar transcriptio-
nele regulatie van genexpressie door het gebruik van de neuron-specifieke enolase
(NSE) promoter en we hebben deze vergeleken met de alom aanwezige hybride
cytomegalovirus/chicken beta-actine (CBA) promoter. Genexpresie door deNSE
promoter zou hierdoor meer beperkt moeten worden tot de hersenen, terwijl de
CBA promoter actief is in alle weefsels, wat mogelijk leidt tot bijwerkingen na i.v.
toediening van een vector. Met behulp van twee verschillende rapporteergenen
laten we zien dat algehele genexpressie tenminste tien keer lager was met de NSE
promoter ten opzichte van de CBA promoter. AAV9-gedreven expressie van
sTRAILmet een van beide promoters leidde tot een betere overleving van muizen
met GBM, terwijl er een trend was naar betere overleving bij gebruik van de CBA
promoter vergeleken met de NSE promoter.

Daarnaast zagen we dat genexpressie van een rapporteergen hoger was in de
hersenen van sommige muizen maar niet in anderen. In het vierde hoofdstuk
beschrijven we dat het geslacht van een muis invloed heeft op de transducie en
genexpressie van i.v. toegediende AAV9 vector, waarbij genexpressie toeneemt
in het brein maar afneemt in de lever van vrouwelijke muizen ten opzichte van
mannetjes.

Tijdens de standaard productie van AAV in celkweek kwamen we erachter
dat een deel van de AAV vector hecht aan EVs. Hoofdstuk vijf beschrijft het
gebruik van EV-geassocieerde AAV als een gentherapie vector en dat het plaatsen
van een brein-gerichte peptide op het oppervlak van EVs zorgt voor een toename
in de transductie van hersencellen. Bovendien, vergeleken met “naakte” AAV,
was EV-geassocieerde AAV minder gevoelig voor neutraliserende antilichamen,
welke voorkomen in de gehele bevolking en AAV transductie van cellen geheel
kunnen remmen. Dit geeft aandat EV-geassocieerdeAAVpotentie heeft als nieuwe
gentherapie vector.

In de afgelopen jaren is het steeds duidelijker geworden dat EVs een belang-
rijke rol spelen bij intercellulaire communicatie. Zowel gezonde cellen als tumor
cellen produceren EVs die kunnenworden opgenomen door andere cellen, waarbij
functioneel mRNA of eiwit van de ene cel naar de andere wordt getransporteerd.
Wij hebben gebruik gemaakt van een schakelbaar Cre-loxP rapporteersysteem in
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hoofdstuk zes om in beeld te brengen welke interacties er plaats vinden tussen
GBM cellen, bloedplaatjes en EVs. Overdracht van Cre-houdende EVs naar rap-
porterende GBM cellen in celkweek leidde tot enige recombinatie, hoewel dit
proces in muizen veel minder efficiënt was. Verder konden i.v. geïnjecteerde
bloedplaatjes de intracraniale tumor vinden en enige recombinatie teweegbrengen
in rapporterende GBM cellen. In een soortgelijk model werd er enige recombi-
natie gevonden in muizen die GFAP-Cre tot expressie brengen en intracraniale
rapporterende GBM cellen hebben.

Tenslotte wordt in het zevende hoofdstuk dit werk bediscussieerd en
worden toekomstperspectieven en onderzoeksstrategiën besproken voor AAV-
gereguleerde gentherapie in GBM.
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“Science is the greatest of all adventure stories, one that’s been unfolding for thousands
of years as we have sought to understand ourselves and our surroundings”.

— Brian Greene, 1963–present (Physicist)
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