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AMSC: adipose-tissue mesenchymal stromal cells

BLI: bioluminescence imaging

BMSC: bone-marrow derived mesenchymal stem cells
CCD: charge coupled device

CD-UPRT: cytosine deaminase::uracil phosphoribosyltransferase
CMV: cytomegalovirus promoter

CSC: cancer stem cell

CT: computed tomography

DMEM: Dulbecco’s modified eagle media-high glucose
EPC: endothelial progenitor stem cell

FBS: fetal bovine serum

FITC: fluorescein-conjugated high MW dextran

FMT: fluorescence-mediated tomography

GBM: glioblastoma multiforme

GCV: monophosphorylating ganciclovir

GCV-MP: ganciclovir monophosphate

GCV-TP: ganciclovir ttriphosphate

GSC: glioma stem cell

hAMSC: human AMSC

HSV-TK: thymidine kinase from herpes simplex virus
iPSC: induced pluripotent stem cell

ISCT: International Society for Cell Therapy

mRFP: monomeric red fluorescent protein

MRI: magnetic resonance imaging

MSC: mesenchymal stem or stromal cell

non-GSC: non-stem glioma cell

NSC: neural stem cell

PET: positron-emission tomography

PHCs: photon counts

PLuc: Photinus pyralis luciferase

RLuc: Renilla reniformis luciferase

SPECT: single-photon-emission computed tomography
TEM: Tie2-expressing monocyte

TRAIL: tumor necrosis factor-related apoptosis-inducing ligand
tTK: truncated SR39 thymidine kinase

WHO: World Health Organization
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Introduction

1 GLIOMA

One of the ten most common causes of cancer deaths is due to primary brain tumors.
High mortality rates are mainly found in patients with gliomas accounting for 30% to
40% of all intracranial tumors®. It is estimated that in the US the incidence of primary
brain tumors of 10 per 100 000 persons per year, with a male-female ratio of 6:4 and
that they are usually developed in middle age, with peak frequency between the ages
of 40 and 65 yearsz. Though glioma incidence is not as frequent as colon, breast or lung
cancers, they are a major goal of scientific research because the affected patients have

a very poor clinical outcome.
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1.1 Definition and neuropathology

The medical definition of a glioma is a primary brain tumor that originates from a glial
cell, in the brain or spinal cord. From a neuropathological point of view gliomas have
been described as tumors that grow by diffuse infiltration into the white matter of the
brain, normally located in the cerebral hemispheres and thus are rarely visible on the
brain surface’. The most aggressive types of glioma present massively dilated vessels in
the periphery of the tumor, and thrombosed vessels in the center. Gliomas often
infiltrate across the corpus callosum into both hemispheres producing the so-called
“butterfly gliomas”. The ability of glioma cells to infiltrate away from the primary
tumor mass is the pathological feature that makes glial tumor so aggressive. Thus, 5%
to 10% of patient diagnosed with glioma already present multifocal tumors that cannot

be totally removed by surgery or any form of local treatment?.

1.2 Classification

Gliomas are a family of tumors with almost a continuous range of histology and
malignancy that are not easy to separate into distinct categories. The World Health
Organization (WHO), a international public health agency of the United Nations
classifies gliomas depending on the presumed cell origin, distinguishing astrocytic,
oligodendrocytic and mixed gliomas. The WHO classification is a commonly accepted
grading system that is based on the presence of the following criteria: increased
cellular density, nuclear atypias, mitosis, vascular proliferation and necrosis® *:

e WHO grade | are benign tumors, termed pilocytic astrocytomas.

e WHO grade Il are the more slowly growing tumors, named astrocytomas,
oligodendrogliomas, or mixed gliomas.

e WHO grade lll are tumors similarly termed but with the word anaplastic
preceding the names, i.e., anaplastic astrocytomas, anaplastic
oligodendrogliomas or mixed anaplastic gliomas.

e WHO grade IV: the most malignant form of gliomas, referred to as glioblastoma

or glioblastoma multiforme (GBM).
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WHO grade  Astrocytic Tumor Oligodendrocitic Tumor

|| Astrocytoma (46,82%) Oligondendroglioma (79,25%)
1] Anaplastic Astrocytoma {27%) Anaplastic Oligodendroglioma (48,42%)
v Glioblastoma Multiforme (4,7%) Not applicable

Table 1 The World Health Organization gliomas classification based on cellular origin and histologic

appearance; and five year survival relative rate (www.cbtrus.org).

1.2.1 Glioblastoma multiforme

GBM, the most common type of gliomas, accounts for a very poor prognosis with a

median survival of 12 to 18 months post-diagnosis (Figure 2)°. Average age of GBM

cases is 55 years, though this tumor can appear at any age, including childhood.

Statistics indicate a small prevalence in men compared with women.

All Other Diffuse

Astrocytoma
2,1% Anaplastic
Astrocytoma
8,3%

Oligodendro
gliomas
9,0%

Glioblastoma¥X
Multiforme
51,9% : \ 8,5%

All other gliomas

Figure 2 The higher-grade tumors account for the majority of primary brain tumors, and

GBM accounts for the majority of malignant tumors (Adapted from Prados M. et al)

GBM occurence results in a variety of neurological and pathological symptoms.

Neurological signs may include seizures, motor or sensory abnormalities, vision

problems, or speech and language difficulties. Depending of the region of the brain
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that is affected it can generate an alteration in neurocognitive function and changes in
behavior®. Pathological features of gliomas include increased cellularity with clear
nuclear pleomorphism (variable size and shape), frequent mitoses, endothelial
proliferation and necrotic areas. Epidermal growth factor receptor amplification and
mutation and loss of the PTEN tumor suppressor gene are characteristic genetic

alterations in these tumors.
1.2.2 GBM classification

The above mentioned genetic alterations in addition to others identify the molecular
signature of 3 subtypes of GBM that are termed proneural, proliferative, and

mesenchymal ’. Table 2 summarizes the characteristic of each GBM subtype.

Histologicalgrade =~ WHOgrade Illor WHO WHO grade IV with WHO grade IV with
grade IV with or necrosis necrosis
without necrosis
Cellular Astocyticor Astocytic Astocytic
morphology Oligodendroglial
Evolution of Arisesin 12 tumor, Arises in 12 tumor, may Arisesin 12 tumor or
signature may persist or convert  persistor convert to Mes by conversion from
to Mes ther subtype
Histological Olig2, DLL3, BCAN PCNA, TOP2A CHI3L1/YKL40, CD44,
Markers VEGF
Patient age Younger (~40yrs) Older (~50yrs) Older (~50yrs)
Prognosis Longer survival Short survival Short survival
Chemotherapy/ Non-responder to Clinical outcome Clinical outcome
radiationresponse chemotherapy improved improved
Chromosome None Gain of 7&Loss of 10 or Gain of 7&Loss of 10
gain/loss 10q or 10q
PTEN locus PTEN intact PTEN loss PTEN loss
EGFR locus EGFR normal EGFR amplified or normal EGFR amplified or
normal
Signaling Notch activation Akt activation Akt activation

Table 2 GBM classification into subtypes relating prognostic value, activation of signaling

pathways, and changes in gene expression (Adapted Phillips H. et al)
1.3 Glioma etiology

Several studies have shown that the risk of glioma is elevated 2-fold in first-degree

relatives of patients with glioma and other primary brain tumors®. Thus it seems that
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genetic influences play a role in the etiology of gliomas, however it is unlikely that the
disease susceptibility is based exclusively on high-risk mutations. As described in other
cancers, it seems more probable that the inherited risk is a consequence of the
coinheritance of multiple low-risk variants, some of which are very common. Most
cases of glioma cannot be explained by endogenous or exogenous causes; however

there exist some accepted risk factors and inherited susceptibility.
1.3.1 lonizing radiation

The strongest risk factor for brain tumors is therapeutic ionizing radiation. Studies have
reported that there is a high prevalence of prior therapeutic irradiation among patients
with GBM (17%) °, and an increased risk of glioma in patients who have been treated
with irradiation for acute lymphoblastic leukemia as children 19 Another study realized
with the survivors of the atomic bombing of Hiroshima showed a high incidence of
meningioma, that is directly proportional to the dose of radiation to the brain and the

distance to the hypocenter **.
1.3.2 Hereditary syndromes

Convincing evidence for the existence of an inherited component strongly associated
with the development of primary brain tumors has been provided. However these
components account for rare genetic syndromes that represent the minority of cases,
including Li-Fraumeni syndrome, neurofibromatosis type 1 and type 2, tuberous

sclerosis, von Hippel-Lindau disease, Turcot's syndrome and familial polyposis 12
1.3.3 Novel susceptibility genes

It has been reported that familial clustering of gliomas may occur in families that are
not affected by any of the previously mentioned syndromes. Scans of single-nucleotide
polymorphisms have proved to be a powerful strategy for identifying low-penetrance
genes associated to glioma. Current studies provide evidence that risk of glioma

increases with increasing numbers of variant alleles for 5 loci ** (Figure 3).
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CDKN2A
CDKN2B

PHLDB1 RTEL1
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Figure 3 Chromosome location of the 5 risk loci identified from the glioma genome-wide association

study (GWAS).

Although the risk of glioma associated with each of these 5 risk variants is low, the
incidence of these alleles within the population is high and they play a major role in
disease predisposition. Individuals with 8 or more risk alleles have a greater than 3-fold

increase in glioma risk compared with those carrying a median number of risk alleles.

There is also some evidence indicating an association between adult gliomas onset and
season of birth and also exposure to specific occupational or industrial chemicals®***>.
However, the only widely accepted risk factors (high doses of ionizing radiation and
rare genetic syndromes) can only explain a small percentage of all glioma cases.
Without considering few rare mendelian cancer predisposition syndromes the genetic

basis of inherited susceptibility to glioma is currently undefined.

2 GLIOMA TREATMENT
2.1 Diagnosis

Patients affected by glioma present several symptoms related to mass effect,
parenchymal infiltration, and tissue destruction (Table 3). Headache is the most
common presenting symptom, related to mass effect, it appears in approximately 35%
of patients. Usually the headaches are more severe in the morning and are associated

with nausea, vomiting, seizures or focal neurologic deficits™.
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Presenting Signs and Symptams in Patients with Primary Brain Tumors

Sign ar symptom Percentage with the sign or symptom
Headache 56
Memory loss 35
Cognitive changes 34
Motor deficit 33
Language deficit 32
Seizures 32
Personality change 723
Visual problems 2
Changes in consciousness 16
Nausea and vomiting 13
Sensory deficit 13
Papilledema 5

Table 3 Presenting signs and symptoms in patients with primary brain tumors

(Adapted from Sreenivasa R. et al)

To confirm a glioma diagnosis the patient is subject to appropriate brain imaging,
followed by histopathology analysis. To reveal the tumor localization computed
tomography (CT) and magnetic resonance imaging (MRI) are normally used; thought
MRI is more sensitive than CT. Recent advances in structural and functional brain
imaging techniques allow the determination of not only tumor location but also of
tumor biologic activity, the effects of treatment, differentiation between tumor

recurrence and radiation necrosis, and the evaluation of tumor progression (Table 4)"’.
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Imaging modalities for the management of Primary Brain Tumors

Meodality Uses
Computed temography Localizing the tumor and defining its dimensions, morphology
Magnetic resonance imaging Localizing the tumor and surrounding structures with high-resolution

image, diagnosis of supra- and subtentorial tumors, diagnosis of extra-
and intra-axial tumors, presurgical planning with three-dimensional
imaging stereotactic biopsy, radiatherpay

Diffusion tensor imaging Establishing spatial relationships between tumor border and white
matter, assessing the progression and regression of white matter tracks
caused by tumor growth or resection

Functional magnetic resonance  Neurosurgical planning and neurologic risk assessment by localizing the
cortical regions that control language, motor and memory functions

Magnetic resonance angiography  ()nderstanding tumor vascularity and identifying the anatomic

relationship between the tumor and blood vessels

Magnetic rsonance spectroscopy Obtaining biochemical and metabolic information about the tumor,
determining tumor type and grade by assessing the cellullar contents,
differentiating tumor from radiation necrosis

Positron emission tomograpy Metabolic assessment of tumor aggressiveness (grade), assessing the
highly metabolic areas within the tumor, differentiating between tumor
recurrence and radiation necrosis, functional localization of cortical
regions, predicting patients survival and prognosis

Table 4 Several imaging modalities are used when performing the initial diagnosis, evaluation and

treatment of brain tumors (Adapted from Sreenivasa R. et al)

2.2 Surgery

Surgery remains the initial therapy for nearly all patients with brain tumors but it can
be curative merely for benign tumors. For patients with gliomas the main goal of
surgery is to reduce mass effects while preserving neurologic function, promote
cytoreduction of the tumor, treat hydrocephalus (abnormal accumulation of
cerebrospinal fluid) if present, and obtain tissue for histological diagnosis and analysis
of molecular markers ®. Most gliomas are very infiltrative and it is almost impossible
to remove all the tumor cells with surgical resection. However, it still results in
symptomatic improvement and gives some time for the safe administration of
subsequent treatment. Radiotherapy and chemotherapy are usual complementary

treatments after surgery as indicated on Table 5.
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Newly diagnosed Recurrence or progression
Anaplastic astrocytoma WHO |Resection (or biopsy) and {Re-resection and) temozolomide or
grade III radiotherapy or temozclomide radiotherapy (or re-irradiation) or
(or radiotherapy plus bevacizumab

temozolomide)

Anaplastic oligodendroglioma Resection or biopsy and {Re-resection and) temozolomide or
and anaplastic radiotherapy or radiotherapy (or re-irradiation) or
oligoastrocytoma WHO grade |temozolomide (or radiotherapy  |bevacizumab
1] plus temozolomide)
Resection (or biopsy) and (Re-resection an) chemotherapy
Glioblastoma WHO grade IV |radiotherapy and chemotherapy |(dose-intense temozolomide or
(temozolomide) nitrosourea) (or re-irradiation) ar

bevacizumab

Table 5 Current treatment options for malignant glioma patients (Adapted from Weller et al).

2.3 Radiotherapy

Radiotherapy is based on the use of ionizing radiation (X or y rays) to destroy cancer
cells and thus reduce the tumor. Radiation is directed the tumor area and leads to cell
death by inducing irreparable DNA damage either directly or by free radicals. The main
problem associated to radiotherapy is that normal cells present in the irradiated area
are also affected by the treatment, though most of the differentiated cells are able to
repair their DNA and function correctly after irradiation. AlImost no side-effects arise in
low-dose palliative treatments. However treatment with higher doses can produce
different side effects during or after treatment. The nature, severity, and duration of
side effects depends the treatment itself (type of radiation, dose, fractionation,

concurrent chemotherapy), and the patient 16,

There are different types of radiotherapy used in glioma patients. Standard of
treatment includes involved-field radiation using multiple field techniques. The
advantage of this procedure is that it reduces the dose of radiation to normal brain
tissue, greatly reducing radiation-related damage. Fractionated radiotherapy allows
improvement of the therapeutic ratio by taking advantage of different

radiosensitivities of normal tissues and tumors *°

. A high precision modality of
radiosurgery is stereotactic radiosurgery, that delivers a single high dose of radiation in

a one-day session, but it can also be administered in several doses. This procedure is
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used to palliate small, well defined volumes of recurrent GBM and as an addition to
conventional external radiotherapy. Internal radiotherapy (brachytherapy) is based on

surgical implantation of radioactive material directly in the tumor 16,17

. The major
disadvantage of radiotherapy is the toxicity to normal brain tissue that can lead to

additional brain damage.

2.4 Chemotherapy

Chemotherapy is based on the use of chemical agents, antineoplastics, that target fast-
proliferating cells. Most chemotherapy agents affect cell replication and division or
induce cell apoptosis. Unfortunately, the most common antineoplastics also affect the
normal fast-dividing cells, such as blood cells and the cells forming the epithelium of
the mouth, stomach, and intestines, resulting in the most frequent side effects of

chemotherapy: myelosuppression, mucositis, and alopecia™.

In glioma patients, chemotherapy provides only modest benefits, but it plays an
important role in palliation and can have an adjuvant effect in combination with
surgery and radiotherapy. The standard chemotherapy for gliomas is temozolamide, an
alkylating agent. Temozolamide taken orally has rare side-effects facilitating its
extended use®. Several studies have shown that combining temozolamide with
radiatherapy improves survival in patients with high-grade gliomas. A phase Ill trial of
newly diagnosed GBM patients showed that daily, low-dose temozolomide plus
standard radiation followed by standard-dose temozolomide (75mg/m?) improves
patients survival compared with radiation alone. However the median survival increase

was only of two months (14.6 versus 12.1 months) 2%,
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2.5 Targeted molecular therapy

Drug Target Targeted therapies are based on the
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Table 6 Targeted agents for malignant gliomas

patients (Adapted from Rich et al.).

2.5.1 Targeting of intracellular growth signaling

Over the past 30 years genetic studies have exposed the major mutational targets in
the human genome that are associated with the development of brain tumors. Several
mutated genes that are implicated in the intracellular growth signaling have been
described such as EGFR and mTOR. EGFR is widely used as one of the most attractive
therapeutic targets in GBM and other cancers. Small-molecule EGFR inhibitors such as
gefitinib and erlotinib have shown to be well tolerated in patients with malignant

gliomas, but responses are sporadic and survival is not prolonged®.

The PI3K/Akt/mTOR pathway is a critical regulator of tumor cell metabolism, growth,

proliferation, and survival, and its signaling is frequently amplified in malignant
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gliomas. Several mTOR inhibitors for GBM are being tested, such as sirolimus
(rapamycin), temsirolimus (CCI-779), everolimus (RADOO1), and ridaforolimus
(AP23573). However, to date, they have demonstrated reduced single agent activity

against these tumors. **
2.5.2 Inhibition of angiogenesis

New vessel growth is critical for the development of tumors. Treatment directed
toward inhibition of angiogenesis in malignant gliomas has proven to be one of the
most promising areas of targeted molecular therapy. A commonly used angiogenesis
inhibitor in different types of tumors is Bevacizumab, a humanized monoclonal
antibody against VEGF that was approved in US for treatment of recurrent gliomas.
Bevacizumab has shown to improve clinical symptoms and reduce tumor edema in
patients with glioma. Unfortunately, this agent didn’t prolong survival significantly and
induced the shift of the glioblastoma phenotype to more invasive with a rapid tumor

expansion, which resulted in the withdrawal of the treatment®.

In conclusion the first molecular targeted trials for malignant gliomas have shown
disappointing results: with relatively rare radiographic responses and no significant
prolongation of progression-free survival reported. Some factors that may be
responsible for the minimal efficacy of targeted molecular drugs in malignant gliomas
are deficient penetration into the tumor tissue due to a partially intact blood-brain
barrier or an active efflux transporter that secretes the drug. Due to the difficulty of
obtaining tumor tissue from these patients very few clinical trials have successfully

measured drug levels in tumor tissue®.

2.6 Resistance of GBM to current treatments

The therapeutic advances mentioned above, have so far shown very modest results
and compared to the progress attained in the treatment of other types of tumors, the
prognosis for GBM patients has improved only minimally over decades. The main

difficulty of GBM therapy is that it is highly infiltrative into the brain and spinal cord
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preventing surgical removal even with the most accurate resections. Additionally

invading tumor cells are particularly resistant to cytotoxic therapy °.

As the name indicates, glioblastoma multiforme, presents remarkable intratumoral
heterogeneity at the cellular and the molecular levels. The diversity of cell populations

and responses to antitumor effects interfere in the treatments.
2.6.1 Cancer stem cells

In the last decade subpopulations of cancer cells with greater potential for tumor
initiation, maintenance and propagation have been identified in a variety of tumors
including blood, breast, brain, and colon?’. This cell fraction has been termed cancer
stem cells (CSC), stem cell-like cancer cells, tumor initiating cells, or tumor propagating
cells. CSCs have revealed to be resistant to many current therapies including radiation
and chemotherapy due to highly efficient DNA repair capacity . In addition, CSCs
appear to exhibit unique regulatory pathways that promote their maintenance, some
of which, such as self-renewal, differentiation, and maintained proliferation capacities

are shared by stem cells during development and adult homeostasis®’.

The CSC hypothesis is widely accepted by researchers, although their identification is
still a controversial subject. CSCs present in a GBM tumor are termed glioma stem cells
(GSC). This cells present some characteristics of normal neural stem cells (NSCs),
including the expression of NSC markers (Sox2, Nestin and CD133); the capacity for
self-renewal and long-term proliferation; and the ability to differentiate into neurons,
astrocytes, and oligodendrocytes. GSCs are implicated in several malignant behaviors,
such as tumor repopulation, angiogenesis, invasion and therapeutic resistance (Figure
4) *°. These particular features make GSCs population the ideal target for anti-glioma

therapies.
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Figure 4 A summary of roles of GSCs in glioblastoma tumor progression and

therapeutic resistance. (Cheng L. et al)

Nevertheless, elimination of both, GSCs and non-stem glioma cells (non-GSCs),
populations seem to be necessary for a successful therapy, since the non-GSC may be

31,32 (Figure 5). Recent studies

able to reprogram into GSCs under certain conditions
have shown that some signaling pathways are differentially present or regulated in
GSCs and non-GSCs. Identification and targeting of this signaling pathways or specific
gene promotors that differentially control the phenotypes and tumorigenic potential
of GSCs will offer new targets for the development of novel therapeutics against GSCs.
As mentioned above progression is limited by availability of functional vasculature to
feed the tumor and remove waste products. The degree of GBM vascularization is
significantly correlated with the tumor malignancy, aggressiveness, and clinical
prognosis. Importantly, it has been reported that GSCs locate next to capillaries in

3334 and play an

brain tumors constituting a niche that is critical for their maintenance
important role in neovascularization through elevated secretion of VEGF *. Targeting

of GSC in their vascular niche may be another therapeutic approach in GBM treatment.
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Therapeutic Targeting of Glioma Stem Cells (GSCs)
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Figure 5 Therapeutic targeting of GSCs and Non-GSCs is necessary for complete tumor elimination.

(Cheng L. et al)

2.7 Alternative therapies, post surgical resection

It is now evident that the major challenge for complete glioma eradication is to target
GSCs and non-GSC that have deeply infiltrated into the normal brain parenchyma. New
experimental therapies to follow surgical resection and radio/chemotherapy are
currently under study, amongst them oncolytic virotherapy, immunotherapy and gene

therapy (delivered by vector or cellular vehicle).
2.7.1 Immunotherapy

Cancer immunotherapy is based on the use of the immune system to reject the tumor.
There are two categories of immunotherapy. In “active immunotherapy” immune cells
activated in vitro are administrated to the patient to stimulate the immune system and
induce it to attack cancer cells. Endogenous immune cells may be activated by cellular
or non-cellular vaccines (such as tumor protein lysates, tumour-derived mRNA,

peptides eluded from tumor MHC class | molecules and synthetic peptides). Antigens
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can be used alone and injected in the presence of different adjuvants. Alternatively
antigens can be presented to dendrityc cells which in turn play a key role of educating

the immune reaction ¢

In “passive immunotherapy” immune cells or specific
molecules are activated in vitro and injected in the patient to directly target tumor
cells. Several types of effector cells have been tested: cytotoxic T lymphocytes, that are
sensitized to glioma associated antigens and exhibit human leukocyte antigen
restriction; natural killers or lymphokine-activated killer cells *. Also monoclonal
antibodies have been used to target specific tumor antigens: cell adhesion molecules,

matrix proteins, growth factor receptors, wild-type EGFR, or their glioma-associated

variant, EGFR variant Il| 37
2.7.2 Gene therapy

Gene therapy is based on the use of DNA vectors to transfer a therapeutic gene for
mutation compensation, immunopotentiation, or prodrug activation in neoplastic cells.
In cancer gene therapy different strategies have been used including suicide gene
therapy, immune gene therapy, oncolytic viral therapy, tumor suppressor gene
therapy, and antisense therapy. The main requirements for vectors are safety,
efficiency and specificity. Various viral and non-viral vectors have been engineered and
used for gene transfer: retrovirus ¢, adenovirus, herpes simplex virus*® and

lipofectants 1041

2.7.3 Adenovirus

Adenovirus is the most widely used vector in glioma gene therapy because of its
capacity for large gene transfer, high transduction efficiency and stable, long-term
transgene expression (up to 1 year)*. Another advantage of adenoviruses is that they
do not integrate into the host cell genome, therefore minimizing the possibility of
insertional inactivation of host genes43. The first studies with adenoviral vectors
showed promising results ****, but exhibited several disadvantages, such as inefficient
in vivo transduction, high immunogenicity and lack of targeting capacity. To solve these
problems a variety of strategies have been developed, including reconstructing the

adenovirus to target and kill tumors; modifying of the viral fiber and surface proteins.
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Despite the recent progress in experimental animal models, human clinical trials fail to

show a significant therapeutic effect *°.
2.7.4 Oncolytic virotherapy

The first gene therapy attempts for the treatment of cancer included viral vectors that
were modified to delete the function of self-replication to ensure a safe gene transfer
without inducing lysis of normal cells and tissues. However the therapeutic effect of
non-replicative viruses was very limited in clinical trials. In order to improve treatment
efficiency, conditional tumor replicating “oncolytic viruses” were developed®®. This
strategy is based on replication-competent viruses that selectively infect and Kkill
cancer cells but not normal un-transformed cells. For effective oncolytic activity, the
vector must have the following features: selectivity for the tumor cells, minimal brain
and systemic toxicities, capacity to penetrate and diffuse throughout the brain to
reach all cancer cells residing beyond the resection border of the tumor, and survive
despite the immune response *’. Currently four oncolitical viruses have been used in
clinical trials against glioma: Herpes Simplex Virus *®, Newcastle Disease Virus *°,
Adenovirus *°, and Reovirus . In general, it was found that these viruses were safe,
and some anti-glioma activity was found in a small number of patients. However some
limitations of virotherapy must be improved for a significant effectiveness (Figure 6).
The patient's immune response to the virus must be altered so that either anti-tumor
immunity is induced or oncolytic activity protected. Viral delivery must be optimized in

order to overcome the barriers to the glioma microenvironment.

Among all the emerging therapeutic options for GBM, virotherapy targeting GSC, the
renewal source of cancer cells, may allow overcoming recurrence 2. Targetting may be
based on the use of specific tissue promoters that allow transcriptional control of viral
gene expression. Fueyo et al, using Delta-24-RGD, an oncolytic adenovirus with
enhanced tropism for glioma cells and selective replication in cells with abnormal
p16INK4/Rb pathway to target GSCs showed that GSCs are susceptible to adenovirus

mediated cell death via autophagy 23,34

. ldentification of GSC specific promoters and
design of vectors that drive transgene expression under these promoters will further

improve the efficiency of oncolytic virotherapy. Additionally the creation of selective-
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adenovirus by the use of specific promoters provides safety to oncolytic virotherapy

and has already shown positive results in other types of cancers™.

Different strategies in gene therapy have been approached; however problems of

efficient gene delivery and transfer have slowed progress in this promising field °°.

/ Omiolytic T—:\ Anti-viral
virus . immunity

V) Anti-tumor
W\ immunity

Normal Brain
{(Neuron, Astocyte}

Glioma Microenvironment

Figure 6 Oncolitic virotherapy limitations for malignant gliomas include overcoming/recruiting the
antiviral/antitumor immune response, overcoming the glioma microenvironment, avoiding

neurovirulence, and targeting GSCs. (Adapted from Zemp F. et al)

2.7.5 Cellular gene therapy

A more recent approach to deliver a therapeutic effect is to transduce cellular vehicles

for the expression of therapeutic gene/products in the vicinity of tumors *’.

3 STEM CELL-MEDIATED GENE THERAPY

It is now evident that the key challenge of glioma treatment is how to target glioma
cells that have deeply infiltrated into the normal brain parenchyma. Stem cell
mediated gene therapy uses cell vehicles genetically modified ex vivo to express

therapeutic molecules and implant them in GBM patients. The capacity of stem cells to

34



Introduction

migrate towards the tumors may facilitate the delivery of a therapeutic molecule to

tumor cells that have dispersed from the main tumor mass 5.

The first cellular carriers for cancer treatment were murine fibroblasts® and human
embryonic kidney 293 producer cells®®. However, they are probably not the most
appropriate cell vehicle since they are not motile and therefore the delivery of
therapeutic agents to deeply infiltrating cells is restricted. The ideal cell vehicle for
cancer treatment should display the following features: it should have tumor-selective
homing capacity, it should be susceptible of

genetic manipulation in vitro for the CellType  Therapeuticload

EPC Oncolytic measles virus
expression of a variety of therapeutic genes,  ypc IFN alpha
and it should be able to carry the therapeutic | MSC Oncolytic adenovirus
molecules to the tumor while protecting it iL-7
IL-12
from the host immune system®’. A variety of IL-18
adult stem cells exhibit many of these IFN beta
. . TRAIL
characteristics and in the last decade have
HSV-1 TK expressing
become attractive candidates for therapy retrgyirusvirus
, PEX
delivery. X ]
NSC Cytosine deaminase
, HSV-1TK
One of the advantages of using stem cells as £ 9 5
Replication conditional HSV-1
vector

gene carriers for clinical application is their

. ) . Oncolytic adenovirus
self-renewing capacity thus reducing or

IL-4
eliminating the necessity for repeated IL-12
administrations of the therapeutic cells. By o 4
TRAIL
contrast to viral vectors used in gene PEX
therapy, autologous stem cells are usually TSP-1

. EPC, epithelial progenitr cells; HPC,
not detected and destroyed by the immune | Hematopoietic progenitor cells; MSC,

Mesenchymal stem cells, NSC, neural stem
system and high doses of cells exhibit no |cells, IFN, interferon, IL, interleukin, HSV-TK,

herpes simplex virus thymidine kinase;
toxicity. In addition, stem cells are able to | TRAIL, tumor necrosis factor-related

apoptosis inducing ligand; PEX, hemopoxin-
transverse physiological barriers and display | like protein; TSP-1, thromospondin

Table 7 Stem cell-mediated therapies for
experimental gliomas (Adapted from

tropism allows stem cells to reach organs and Ghazaleh T. et al)

a homing capacity towards tumors®*®*. This
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tissues that are not accessible by surgery or other gene transfer systems.

Neural stem cells ®>°®, hematopoietic progenitor cells®’, bone-marrow mesenchymal
stem cells ®8, adipose tissue mesenchymal stem cells®’, endothelial progenitor cells®
have been proposed as possible candidate carriers with therapeutic potential against
glioblastomas (Table 7). All these stem cell types exhibit homing capacity to gliomas,
arrive at sites of hypoxia and invasive borders which are usually not reached by other
therapeutic approachessg. Therefore the use of these cells as therapeutic vehicles
could overcome some of the limitations of radiotherapy and chemotherapy while also

avoiding toxicity to normal brain cells.

3.1 Neural stem cells

Neural stem cells (NSC) have been widely used as delivery vehicles for anticancer gene
therapy in the past decade. The majority of studies on NSC-based anticancer therapy
have used an enzyme-prodrug suicide gene therapy system (See page 43)°°,
Immunomodulatory cytokines®® or proteins with anti-angiogenic activity’'. Additionally
NSCs have been used as cell vehicles to deliver oncolytic viruses or other viral vectors,
thus protecting the viruses from host immunosurveillance and allowing selective

delivery of the therapeutic agent to the tumor cells’?.

NSC have shown to posses tumor tropism in a variety of brain tumor models thus can
be clinically useful in the targeted delivery of therapeutic agents to widely dispersed
tumors’®. However, the optimal NSC type and therapeutic molecule must still be
identified ®*. The main limitation of this system is that that autologous NSC are not
available, and the use of allogeneic NSCs is limited by their immunogenicity and low

availability of donors™.
3.2 Hematopoietic progenitor cells

Some hematopoietic progenitor cells (HPC) such as, tumor associated macrophages,
neutrophils, dendritic cell precursors and Tie2-expressing monocytes (TEM) have been
recently implicated in the promotion of tumor angiogenesis’®. TEMs are a small

subpopulation of monocytes that circulate in the mouse and human peripheral blood
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and seem to be recruited to tumors and other sites of angiogenesis. This tumor-
homing capacity of TEMs has been exploited to deliver IFN-alpha to tumors, resulting
in tumor angiogenesis inhibition and activation of innate and adaptive immune cells.
However wound healing ability of TEMs was not impaired, despite the fact that these
cells are also recruited to angiogenic tissues other than tumors®’. For clinical
application in cancer therapy genetically modified cord blood stem cells can be
injected alone after mild immune suppression, or combined with non-modified

autologous cells, following a high-dose of chemotherapy’.
3.3 Endothelial progenitor stem cells

Endothelial progenitor stem cells (EPC) obtained from peripheral blood are also
implicated in tumor angiogenesissg, suggesting their use as tumor-homing vehicles.
Intratumoral injection of EPC that contained oncolytic measles virus resulted in

significant prolongation of survival in US87MG-bearing animals’®.
3.4 Induced pluripotent stem cells (iPSC)

In 2006, Takahashi and Yamanaka first induced “pluripotency” in adult somatic cells
(iPSC) by the incorporation of four transgenes — Oct3/4, Sox2, c-Myc and KIf4 — in
fibroblasts’’. While iPSCs pluripotency is very similar to that of embryonic stem cells
(ESCs), the latter cannot be used in therapy due to histo-incompatibility and ethical
issues. iPSCs have a great potential as an unlimited cell source for different purposes:
generating disease models, drug screening and cell replacement therapy for various
conditions. Due to their novelty, to our knowledge, no studies have so far used iPSCs
for gliomas treatment’®’®. However, due to their characteristics of unlimited self-
renewal and high proliferation rate, the use of these cells would be accompanied by a

risk of tumor formation that must be taken into account®.
3.5 Mesenchymal stromal cells

Mesenchymal stromal cells (MSCs) are a group of heterogeneous multipotent cells that
can be found in many adult and fetal tissues throughout the body, including bone
marrow, amniotic fluid, heart, skeletal muscle, adipose tissue, synovial tissue,

pancreas, placenta, cord blood and circulating blood. MSCs are detected in almost all
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organs that contain connective tissue 8 MSCs originate from the mesodermal germ
layer and can differentiate into cells of the mesodermal lineage, such as bone, fat and
cartilage cells. However, recently it has been shown that they also have endodermic
and neuroectodermic differentiation potential, though still controversial®*®. These
cells are hypoimmunogenic and immunomodulatory, can migrate to damaged tissues

and participate in repair processes by secretion of bioactive molecules ® .

MSC have acquired biologic and clinical interest over the last two decades, however
the characteristics defining MSC are still under discussion among investigators. To
solve this problem, the Mesenchymal and Tissue Stem Cell Committee of the
International Society for Cell Therapy (ISCT) has proposed a set of standard
characteristics to define human MSC for experimental studies: MSC must be adherent
to plastic when maintained in standard culture conditions; >95% of the MSC
population must express CD105, CD73 and CD90, as measured by flow cytometry; cells
must lack expression (<2% positive) of CD45, CD34, CD14 or CD11b, CD79a or CD19
and HLA class Il; cells must be able to differentiate to osteoblasts, adipocytes and

chondroblasts under standard in vitro differentiating conditions®® (Table 8).

1 Adherence to plastic in standard culture conditions
2 Phenotype: Positive (>95%+) Negative(<2%+)
CD105 CD45
CD73 CD34
CD90 CD14 or CD11b
CD7%9a or CD19
HLA-DR
3 In vitro differentiation: osteoblasts, adipocytes, chondroblasts

Table 8 Summary of criteria to define MSC (Dominici M. et al)

Although the details of MSCs proliferation and differentiation are still under
investigation, these cells have acquired particular interest for several clinical
applications, including cancer treatment (Figure 7). MSCs derived from bone marrow

and adipose tissue are the most studied.
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Figure 7 MSCs natural niches and potential of MSC-based therapeutics
(Adapted from Myers T.et al)

3.5.1 Bone-marrow derived mesenchymal stem cells (BMSC)

Bone marrow is the main site of hematopoiesis and plays an important role in the
immune system. This organ contains two populations of stem cells: HSCs which
produce all blood cell lineages, and BMSCs that are able to originate various
differentiated cell types including muscle, blood, vascular, and bone cells, among
others %788 BMSC also present transdifferentiation capacity, the genetic

reprogramming induced switching between different developmental commitments 8,
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BMSC have shown capacity for migration and tumor tropism to gliomas which makes
them promising candidates as therapy delivery vehicles. An orthotopic animal model of
glioma has shown that human BMSCs migrate toward gliomas after local delivery and
are capable of localizing in gliomas after regional intra-carotid delivery and

contralateral injection 63,90

BMSCs have been used as delivery agents for several molecules that can inhibit tumor
growth. IFN-a delivery by BMSCs, which leads to accumulation of cells in S phase and
increase apoptosis, was described as an effective treatment in several cancer models,
including gliomasgl. BMSCs were used to carry Delta24 replicative oncolytic adenovirus
to human experimental glioma showing inhibition of glioma growth and increase of
median survival®®. Another study successfully treated an established C6 brain tumor
using BMSCs transduced with the herpes simplex virus-thymidine kinase gene and
ganciclovir in the rat®>. BMSCs have also been effectively used to deliver S-TRAIL %, IL-2

% and IFN-beta ®.

Thought BMSC have demonstrated to be effective delivery vehicles, the painful
procedure required for their harvest and the small yield of stromal cells constitute a
significative limitation for their use. Alternative sources of MSC such as the adipose

tissue appear more convenient for clinical applications.

3.5.2 Adipose-tissue mesenchymal stromal cells (AMSC)

Unlike BMSC, AMSCs are easily harvested with little patient discomfort and morbidity.
Abundant stem cells can be extracted from adipose tissue and enough quantity for
therapeutic treatment can be obtained in a short culture period. The notion of using
AMSC as another source of autologous pluripotent stem cells is relatively recent™.
AMSC obtained from bone marrow and adipose tissue are very similar showing no
differences in fibroblast-like morphology, immune phenotype, success rate of isolation

MSCs, colony frequency, and differentiation capacity *>°°.

The possible uses of AMSC in tissue repair/regeneration and cancer treatment are very

extensive including ischemia revascularization, cardiovascular tissue regeneration,
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bone/cartilage repair, and urinary tract reconstruction, peripheral nerve repair, liver
injury repair’’. Nevertheless, for medical applications AMSCs should fulfill the

following criteria (Figure 8)%:

1 Canbe found in abundant quantities

2 (Can be harvested with a minimally invasive procedure

3 Can be differentiated along multiple cell lineage pathwaysin a
regulable and reproducible manner

4 Can be safely and effectively transplanted to either an autologous or
allogeneichost

5 (Can be manufacturedin accordance with current Good
Manufacturing Practice guideline

Figure 8 Criteria for ideal stem cell for medical applications (Adapted from Gimble J. et al)

As well as with BMSCs the characteristics defining AMSCs are subject to debate.
However the ISCT has provided guidelines for the definition of MSCs based on their
plastic adherent properties, immunophenotype (CD73+ CD90+ CD105+ CD11b/14-
CD19/CD73b- CD34- CD45- HLA-DR-), and multipotent differentiation potential
(adipogenic, chondrogenic, and osteogenic)®®. Still these criteria do not exactly suit all
AMSC populations and while some studies indicate that early passages AMSCs are
usually CD34+ % others report that AMSCs become a CD34- population after

culturing over a several-day period **'%%,

Interestingly, some studies indicate that AMSC function as pericytes that maintain
vascular integritylm. It was described that pericytes around microvessels express
alpha-smooth muscle actin as well as certain MSC markers, but not endothelial or

103

hematopoietic cell markers . Although it has been proposed that pericytes are the

precursors of AMSCs, this does not imply that all AMSCs are descendants of pericytes

or that all pericytes are necessarily stem cells 104,

The vascular origin of AMSCs could be related to the tumor homing capacity of these
cells. Tumor growth is dependent on blood vessel formation, and mature and
progenitor cells are recruited from remote organs for neovascularization *°>. In normal

conditions MSCs are rarely found in the peripheral circulation; though, hypoxia or
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inflammation signals can lead to MSC mobilization, migration and tumor homing 106,
Recent evidence indicates that AMSC also home to tumors, where they contribute to

62407199 1t is still unclear how AMSC are

the formation of tumor-associated stroma
recruited to the tumor site thought some studies support that they could locally
migrate to the sites of inflammation from the surrounding solid tissues, arrive through

the systemic circulation, or both 10,

AMSCs have also shown homing capacity to GBM. Both ipsilateral as well as
contralateral injection of these cells in brains of glioma-bearing mice, led to extensive

accumulation in the tumor®®*?,

The therapeutic effect of AMSCs genetically engineered to deliver therapy to gliomas
has been evaluated only in a few studies. Human AMSCs (hAMSCs) encoding TRAIL
induced potent apoptotic activity on experimental gliomas and a significant survival
prolongationm. Additionally hAMSCs expressing the suicide gene cytosine
deaminase::uracil phosphoribosyltransferase (CD-UPRT) were directly administrated to
treat intracranial rat C6 glioblastoma with improved survival in a therapeutic stem cell
dose-dependent manner and induction of complete tumor regression in a significant

number of animals 3.

4 THERAPEUTIC GENE SYSTEMS

Cellular gene therapy involves the use of cell vehicles to transfer foreign genetic
material into a patient in an effort to treat a disease (Figure 9). Various systems

concerning the therapeutic molecules have been developed for cancer gene therapy

114,

e Transfer of tumor suppressor genes

e Suicide enzyme/pro-drug approach

e Expression of cytokines, co-stimulatory molecules, tumor specific antigens

e Expression of molecules that affect angiogenesis, cell adhesion and metastasis
e Chemosensitization and radiosensitization approaches

e Chemoprotection of stem cells
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e Expression of antisense, ribozymes or siRNAs for dominant oncogenes
e Expression of cell surface receptors/ligands to target cancer cells

e Tumor-specific promoter driven transgene expression

e Oncolytic vector

Figure 9 Genetically
engineered cellular
vehicles track gliomas
cells and deliver the
therapeutic molecule.
(Adapted from R&D
Systems Cytokine

Bulletin)

Gliomacell . *%__Therapeutic

, ! molecuie
/ Genetically

modified cell
vehicle

4.1 Cytotoxic gene therapy

Cytotoxic gene therapy approach is directed to initiate tumor self-destruction, that can
be achieved by two strategies: by “toxic genes”, that encode proteins which cause cell

» 113 The suicide gene based

death directly or by the expression of “suicide genes
approach consists in the delivery of an enzyme that converts a nontoxic prodrug into a
lethal compound resulting in the killing of local cancer cells. For the cytotoxic cell
therapy perspective, genetically modified cellular vehicles that express a toxic or
suicide gene are placed near the tumor site in the patient, where they liberate the

toxic product in the tumor environment or transfer it directly to cancer cells.
4.1.1 Suicide cytotoxic gene therapy advantages

Suicide cytotoxic gene therapy hold several advantages respect classical

14 hon toxic

chemotherapy, mostly related to the reduction of systemic toxicity
prodrugs with no intrinsic activity in unmodified human cells can be used;

concentrations of the toxic agent in the tumor can be much higher than in rest of
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organs since the prodrug is activated only in the target cells or in cells in close
proximity; different suicide gene/prodrug combinations can be designed to confer
tumor specificity on the treatment regime (by the use of tumor-specific promotors to

116

drive expression of the therapeutic gene “~°, or by the use of prodrugs which are

1) " An important aim of suicide gene

preferentially active in, e.g., hypoxic cells
therapy is that intercellular transport of the activated prodrug generates a “bystander
killing effect”, which allows the eradication of tumor cells even if not all of the target

cells have been transduced with the suicide gene.

For clinical application in cancer treatment the suicide gene/prodrug combination

should exhibit the following properties ***:
Suicide gene ideal proprieties

e be absent in the human genome to minimize toxicity

e exhibit high catalytic activity upon expression in tumors at low prodrug
concentration

e be both necessary and sufficient for full activation of the prodrug

e be monomeric, allowing easier expression
Prodrug ideal proprieties

e have high affinity for the enzyme encoded by the suicide gene and low affinity
for endogenous enzymes

e be able to penetrate into the solid tumor and into the cancer cells

e exhibit no toxicity prior to activation

e active drug should be capable of intercellular diffusion to allow killing via the
bystander effect

e active drug should have a half life long enough to maximize the bystander

effect within the tumor
4.1.2 Bystander effect

Bystander effect refers to the induction of tumor cell death by neighboring transgenic

cell vehicles capable of converting a non-toxic prodrug into a toxic agent (Figure 10). A
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major aim of this therapy is to deliver the gene toxic product to a sufficient number of
tumor cells and induce tumor regression. As clinical trial have shown gene transfer

efficiencies reach less than 10% of the target tissue®*®.

Bystander effect can take place by several molecular, cellular and systemic
mechanisms. It can rely on the free diffusion of toxic metabolites or intercellular

19 The potency of the bystander effect usually

communication via gap junctions
correlates with the efficiency of gap junction intercellular communication*®. Free
diffusion on toxic metabolites is useful to treat tumors that do not have functional gap

junctions, but may also carry the risk of systemic diffusion and toxicity™*.

® Prodrug

*  Cytotoxin

@ Fnzyme-
modified

Tumour
cell

Endothdial
cell

The therapeutic gene encodes an enzyme that
E}l)ndccll

Figure 10 Diagram representing bystander effect.

converts the prodrug to a cytotoxin, leading to cell

death. Surrounding cells may also be killed due to

the local bystander effect. (Adapted from Dachs et
al)

The bystander effect can be even further potentiated by the immune system. Tumor
cells death caused in first instance by toxic metabolites can stimulate recognition of
tumor antigens leading to local inflammation and additional death of other tumor cells

mediated by the immune system. This effect can occur even when cells are separated
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either spatially (“distant bystander effect”) or temporally (“vaccination effect”) from

.. : 122,12
the suicide gene expressing cells*?*'?3

. Opportunely, it could even lead to the
destruction of metastases originated from a primary tumor. To some extent the role of
the immune system may be modulated by the choice of the suicide gene/prodrug
combination, depending on whether cell killing is mediated predominantly by
apoptosis or necrosis.

It has also been proposed that in certain cases the bystander effect is induced by
intercellular transfer of hydrolases, lytic enzymes and apoptotic vesicles containing

toxic drugs released from the dying cells which are phagocytosed by tumor cells *2*.

4.1.3 Types of suicide genes

Although a large variety of enzyme-prodrug combinations has been designed for use as
cytotoxic systems for therapy, only a few have been applied in human clinical trials, as

indicated in Table 9.
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Enzyme Prodrug Cytotoxin Bystander
Carboxylesterase Irinotectan SN-38 High
Capecitabine 5-FU
Paclitaxel-2- Paclitaxel
ethylcarbonate
DpVP-16 VP16
Cytochrome CPAandIFO Alkylating High
P450 agents
Acetaminophen N-acetyl Low
benzoquinone
imine
Cytosine 5-FC 5-FU High
deaminase
(£UPRT)
NADPH- Tirapazamine, Reduced Medium
cytochrome P450 EQ9, metabolites
reductase misonidazole
Nitroreductase CB1954 Alkylating Highto very
agents high
Self-immolative Alkylating
prodrugs agents,
pyrazolidines,
enedines
Metronidazole | Alkylating agent
Pyrimidine 5'-deoxy-5- 5-FU High
nucleoside fluorouridine
phosphorylase
Thymidine GCV, ACY, Monophosphory High,
Kinase Valacyclovir, lated nucleotide | dependenton
araM, BVYDU analogues gapjunctions

Table 9 Selected enzyme prodrug systems used in gene therapy (Adapted from Dachs et al)

4.1.4 Thymidine kinase

Thymidine kinase from herpes simplex virus (HSV-TK) was used for the first proof-of-
principle of suicide gene therapy *°, and the combination and variations of this system
still remain one of the most widely used systems in both clinical and experimental

gene therapy applications.
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HSV-TK is needed by the virus for reactivation from ganglionic neurons during the
latent stage of its life-cycle, since these cells express very low levels of endogenous
mammalian TK (the enzyme responsible for initiating the phosphorylation of

deoxythymidine to deoxythymidine triphosphate for incorporation into nascent DNA)

126

The benefit of this system for cancer gene therapy is based on the 1000-fold lower
efficiency of endogenous TK to monophosphorylate ganciclovir (GCV) compared to
that of HSV-TK. Following the monophosphorylation of GCV to GCV-monophosphate
(GCV-MP), GCV-MP is further phosphorylated to its diphosphate (GCV-DP) and

triphosphate (GCV-TP) forms by endogenous guanylate kinase and several other

127

enzymes such as phosphoglycerate kinase ~°". GCV-TP is incorporated into DNA during

replication, causing inhibition of DNA polymerases, rapid chain termination and the

128

formation of single strand breaks, leading to cell death (Figure 11)™°. This process

affects mainly fast proliferating cancer cells.

Cellular
HSV-TK ‘ Kinases "’
Gev Gev Gev Figure 11 Diagram representing GCV
phospohorylation and incorporation of

GCV-TP during DNA replication

DNA gy;lthesis

The exact mechanism of HSVtk/GCV mediated cell death is still not completely
understood. While in general it seems that apoptosis plays a major role, in some
specific cell types non-apoptotic mechanisms may also be involved*?’.

This system exerts the potent bystander effect by transfer of GCV-TP across gap
junctions. However, one of the main limitations on HSV-TK/GCV system is that
although the prodrug can passively diffuse into target cells, the cytotoxic GCV-TP is
highly charged and therefore insoluble in lipid membranes, and cannot freely diffuse
into neighboring cells to exert its toxic effects. The fact that HSV-TK/GCV expressed by

MSCs is effective for GBM treatment poses the interesting question of whether there
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are gap junctions between both cell types or other mechanisms are also involved.
Although, HSV-TK/GCV seems to be suitable for GBM treatment, since primary cultures
of malignant gliomas showed evidence of efficient gap junction communication*.

In attempts to potentiate the bystander effect mutant HSV-TKs and alternative
prodrugs have been studied. New HSV-TK mutants with increased specificity for
substrate have been discovered and characterized. The most extensively evaluated of
these is mutant SR39, which is 43-fold more sensitive to GCV than the parental HSV-
TK9132, SR39 provides a significant advantage over the wild-type TK for suicide gene
therapy applications by enhancing prodrug-mediated cell killing and by reducing the
required GCV dose. A truncated version of SR39 mutant (tTK) was generated by
deletion of the nuclear localization signal and a cryptic testis-specific transcriptional

start point leading to a more cytoplasmic localization of the TK enzyme, access to

higher substrate concentrations and enhanced TK effectiveness'®.

5 IN VIVO AND IN VITRO CELL MONITORIZATION

Cell based gene therapies appear to be promising treatments for GBM remnants post
surgical removal. To better understand the behavior cell vehicles in the brain and their
interaction with tumor cells in vivo monitorization system have been developed.
Ideally, a non-invasive tracking platform should be sensitive, allow monitorization of

cells in real time and economically accessible.

The following list contains some of the characteristics desirable in a system to monitor

tumor behavior®*:

e biocompatibility, safety, and nontoxicity
e single-cell detection capability

e quantification of cell number

e no dilution with cell proliferation

e non-invasive imaging in living subjects

In the past decades, a number of imaging technologies to analyze the in vivo behavior

of tumors has emerged. Currently, these procedures have become valuable tools for
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135 Modern

cancer research, monitoring clinical trials and medical diagnosis (Figure 12)
molecular imaging systems enable clinicians to determine tumor location, though in
future advances it would be desirable to visualize the expression and activity of
particular molecules, cells and biological processes that characterize the behavior of

tumors and response to therapylas.
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Figure 12 Imaging technologies used in oncology (Condeelis J. et al 2010)
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5.1 Overview of actual imaging systems

Imaging systems can be classified by a variety of criteria; the energy used to obtain
information (X-rays, positrons, photons or sound waves), the spatial resolution that is
attained (macroscopic, mesoscopic or microscopic) or the type of information that is
acquire (anatomical, physiological, cellular or molecular). Different features of imaging
platforms are more valuable for clinical or research applications. Clinicians use
macroscopic imaging systems that provide anatomical and physiological information
including CT, MRI and ultrasonography. On the other hand, platforms that provide
molecular information are often shared by researchers and clinicians: positron-
emission tomography (PET), single-photon-emission CT (SPECT), fluorescence
reflectance imaging, fluorescence-mediated tomography (FMT), fibre-optic
microscopy, optical frequency-domain imaging, bioluminescence imaging (BLI), laser-

scanning confocal microscopy and multiphoton microscopy (Table 10) *%.

It is important that acquired data would be quantitative, allow high resolution and
repetition over time, provide molecular information whenever possible®*®.
Quantification is absolute in systems where signals are independent of sample position
and quantifiable information is provided intrinsically (CT, FMT, MRI and PET). Other
techniques such as BLI, fluorescence reflectance imaging and multiphoton microscopy

provide only relative quantitative information, since signal intensity depends on the

depth of samples in tissues the type of intervening tissues.

III

Each imaging platform presents advantages and limitations, thus new “multi-moda
systems that combine different platforms and improve visualization are emerging: PET-

CT, FMT-CT, FMT-MRI, PET-MRI and PET-BLI and fluorescence **’.
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Table 10 Overview of actual imaging systems (Adapted from Condeelis J. et al. 2010)
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5.2 Bioluminescence imaging

For this thesis work we took advantage of a BLI platform that allowed us to monitor

and fine tune models of GBM therapy in real time.

Bioluminescence is the enzyme catalized conversion of chemical energy into visible
light. The substrate molecule that emits light in such a reaction is called luciferin. The
enzymes that catalyse the oxidation of luciferins to give rise to non-reactive

oxyluciferins and release photons of light are termed luciferases™ 2.

Bioluminescence imaging strategies are generally used to non-invasively monitor in
real time the behavior, distribution, proliferation or differentiation of cells, whether in
culture or implanted in live animals. Thus, imaging strategies are based on the
modification of cells for the expression of bioluminescent reporters. Genetic reporters
are ideal in the sense that their integration on the target cell genome not only
guaranties they won’t undergo loss due to dilution with cell replication, but also their
use to quantify cell number. Light generated by luciferase expressing cells can be
detected and quantified using imaging equipment comprising either photo tubes or
charge couple devices (CCD) as photon detectors. The extraordinary sensitivity of such
detectors together with their capacity of lineal response through 6 orders of

magnitude results in extraordinary useful measuring instruments 139,

Depending on the particular type of information to be gather, BLI strategies require
taking into consideration multiple variables: animal model, capabilities of imaging
equipment, target cells, procedures for reporter generation and genetic manipulation
of cells, appropriate luciferase reporter/substrate system, imaging equipment, design
of the appropriate vector system for the genetic manipulation of target cells,

procedure for the transfection/transduction of target cells.

Luciferase coding sequences, combined with adequate promoter sequences can be
engineered in a variety of DNA based constructs as vectors that can be introduced in
cells by multiple procedures such as lipofection, electroporation, or infection using
viral vectors for their expression in eukaryotic cells. Promoter sequences expressed in

the mayority of cell types can be used to produce reporters to gain information on cell
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distribution and number. Alternatively, the use of promoter sequences only active in
specific cell types allows the generation of luciferase reporters useful to image changes
in gene expression or response to environmental agents, eg., during cell

differentiation, hypoxia, infectious agents*****,

Frequently used luciferases

Bacteria Luminiscent bacteria
. i . Luciferin + Some fish
include bacterial luciferases Luciferase Some squid

from Photobacterium  and :
( Dinofllagellate Dinoflagellate

Luciferine + Luciferase Some shrimps

Vibrio), Firefly luciferase

(Photinus), aequorin  (from ¥argalin O himps

Luciferingy Liciferase Some fish

jellyfish  Aequorea), vargulin

(marine  ostracod Vargula), 74 Some fish

Cnidarians

Squid
Some shrimps

oplophoran luciferase (deep-

sea shrimp Oplophorus) and

Firefly luciferaSe Firefly
H : Luciferine ci ‘
Renilla luciferase (anthozoan sl [Rcls e
sea pansy, Renilla reniformis) Amphipods
Bivalves
143 /- Nemertean worms
(Flgure 13) Tunicates

Earthworms
Larvaceans

Figure 13 Basic luciferin-luciferase systems found across many phyla.

5.2.1 Firefly luciferase-luciferin system

The luciferase from the firefly Photinus Photinus pyralis (Pluc), a Photinus
luciferin:oxygen 4-oxidoreductase, was purified and characterized in 1985, PLuc
differs from other luciferases in its requirement of ATP as a co-factor to convert its
substrate, the luciferin. For this reason firefly luciferin-luciferase system is also used to
determine the presence of ATP in the medium. A part from ATP, also O, is necessary
for light emission of the luciferin oxidation reaction catalized by Pluc takes place in two

steps:

e luciferin + ATP - luciferyl adenylate + PPi

e |uciferyl adenylate + 02 - oxyluciferin + AMP + light
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Light photons are emitted when electronically excited oxyluciferin returns to the

ground state.

The typical emission spectrum for luciferase is in the yellow-green region (550-570
nm). While in free medium or isolated cells the reaction duration is only a few minutes,
luciferase peak activity lasts between 15 and 25 minutes after luciferin ip injection in
mice, and can be detected even several hours later. There is a linear relationship
between light emission and substrate concentration, as well as acquisition time during
peak emission of photons. Due to the sensitivity of luminometers as little as several

femtomol of luciferase can be detected in cell preparations™*.
5.2.2 Sea pansy luciferase-coelenterazine system

The Renilla luciferase (RLuc) is an enzyme found in the sea pansy (Renilla reniformis)

146

and among other coelenterates, fishes, squids, and shrimps ~". Rluc has been cloned

and sequenced by Lorenz et al. in 1991 and commonly used as a reporter of gene

. . . . 147
expression in bacteria, yeast, plant, and mammalian cells™".

RLuc activity is reliant on the concentration of Ca?* for the oxidation of its substrate
coelenterazine, an imidazolopyrazine, for the release of light photons. Rluc catalized
oxidation of coelenterazine results in the generation of 418-475 nm blue light. RLuc
kinetics are fast peaking within 10s after substrate addition, followed by a rapid

decline during a 10 min period148

. Light production reaction is simpler than that of
PLuc, as no ATP is required, what results in less damaged cells. This luciferase is of
great use in experiments were persistent light emission is not required, due to its fast

kinetics.

One of the limitations of the RLuc is its emission of light in the blue region of the
spectrum. Blue light is strongly absorbed by biological tissues. To address this problem,
variants of RLuc that exhibit red shifted emission spectrum (547 nm peak) and posses

greater stability and higher quantum yields have been generated **°.

Due to the lack of crossreactivity between RLuc and PLuc for their respective

substrates both luciferases can be used simultaneously in the same cell or animal.
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5.3 BLI applications

BLI has been used as a sensitive tool for monitoring gene expression, protein
localization, and protein-protein interactions, monitoring of cell death and apoptosis,

tumor growth and metastasis in whole animals®%?,

Luciferase activity is used in standard assays to determine ATP and Ca* concentration
in the medium and detect contamination in the environment or food. Labelling of
different bacterial strains with luciferase genes permits to screen their proliferation,

metabolism and distribution in the hosts*%.

BLI can be used to study time and space dynamics of physiological processes. Since
tissues are translucent, BLI can be used to noninvasive visualize behavior of cells
implanted in live animals in real time. In oncology BLI has been used to determine
location and quantify growth of xenografted tumors constitutively expressing a
luciferase gene, a powerful approach to monitor effectiveness of anti-tumor therapy

152,153

and metastatic dispersion in vivo Additionally, the use of tissue-specific

promoters permits the study of changes in gene expression during cell differentiation

in real time®™**®

. To this aim cells can be doubly labeled for expression of: a
bioluminescent reporter (e.g., RLuc) under constitutive promoter transcriptional
control and a different reporter (e.g., PLuc) under control of a differentiation state
specific promoter. Measurement of the ratio of light produced by both luciferases
allows to the evaluation of changes in gene expression independently of cell number

(Figure 14).

Figure 14 In vivo monitorization of cells
injected in mouse brain: cells express
RLuc under CMV constitutive control
and PLuc under PECAM1 promotor
transcriptional control. The analysis of

the ratio of both luciferases expression

permits to determine transcriptional

state of PECAM1 gene in vivo. hPECAMp  PlLuc PCMV  RLuc
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5.4 BLI advantages and disadvantages

Due to the capacity of light photons to transverse many tissues, BLI allows non invasive

detection of cells implanted in live small animals™®.

Additionally, since there are no
endogene light emitting reactions in mammals, interference by background photons
are minimal and measurements can be made with high signal to noise ratios. This
allows high sensitivity measurements detecting from single cells in vitro, to as little as
500 cells implanted in live animals. Some of the more recent BLI instruments permit
imaging of 150 to 200 mice in a single day, since several animals can be imaged at the
same time. The time for data acquisition ranges between a few seconds to 10 minutes
or hours. The cost of BLI systems is significantly lower than other imaging technologies
such as SPECT, PET, or MRI, which only allow imaging one animal at a time and may
require 30 to 60 minutes for data acquisition. In addition, data analysis is more

complex, requires more time and in some cases injection of radiolabeled molecules is

needed (PET, SPECT) **’.

BLI generates 2D images of relatively low resolution, although new imaging algorithms

158 -~ additional limitations

allow some instruments to generate 3D reconstructions
include the need of genetically encoded luciferase in the target cells, the requirement
of injecting the substrate to enable light emission, and the dependence of light signal
on tissue depth. Light transmission through tissues is rather inefficient and tissue type
dependent. In general terms, the bioluminescence signal undergoes a net reduction of
approximately 10-fold for every centimeter of tissue depth, restricting the maximal
depth to 2-3 cm™°. Hemoglobin is the main cause for light absortion. Thus, organs with
the highest transmission are skin and muscle, while those with the lowest transmission
include oxy/deoxyhemoglobin rich liver and spleen. This constitutes the major

disadvantage of BLI; the impossibility of its application in large animals including

humans. However, these handicaps are not limiting for research using small animals.
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ADVANTAGES
+ Non invasive method
+ No endogen reaction in mammals
+ Linear response
+ High sensitivity technology

DISADVANTAGES

«Substrate is required
« Limitation of tissue depth (2-3 cm)

« 2D imaging
« Light transmission is tissue dependent
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Table 12 Advantages and

disadvantages of

imaging platform.

bioluminescence
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Objectives

The main objective of this thesis was to develop an in vivo model of glioblastoma cell

therapy based on the delivery of tumor cytotoxicity deliverd by hAMSCs
To attain the main goal the following sub-objectives were devised:
Develop a system to evaluate tumor growth and therapy efficacy in live animals

I.  Generate tumor and cytotoxic hAMSCs (therapeutic cells) expressing
bioluminescent and fluorescent reporters for non invasive imaging of tumor
and therapeutic cell behavior in live animals.

II. Development of a glioma therapy model based on stereotactic intracerebral

implantation of tumoral and cytotoxic therapeutic cells in SCID mice brain.

Optimize the therapy model

lll.  Optimize a bioluminescence imaging system to non-invasively monitor cell
responses.

IV.  Optimize delivery of the cytotoxic agent.

Gain insight on the therapeutic mechanism

V. Analyze the differentiation behavior of therapeutic cells in the tumor
microenvironment.
VI.  Study the interaction of therapeutic hAMSCs with tumor cells.

VIl.  Evaluate the homing capacity of tumor and therapeutic cells.
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MATERIALS AND METHODS
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Materials and methods

1 CELL CULTURE
1.1 Cell types
1.1.1 293T

Human cell line 293T, originally derived from human embryonic kidney, was obtained
from American Type Culture Collection (ATCC, Rockville, EUA). This cell line is a highly
transfectable derivative of the 293 cell line into which the temperature sensitive gene
for SV40 T-antigen was inserted. In this thesis, 293T were used as a virus packaging cell

line, by transient transfections.
293T were cultured at 372C with 5% CO; in the following medium:

e Dulbecco’s modified eagle media-high glucose (DMEM) 4500 glucose (Sigma,
Steinheim, Germany)

e 2mM L-glutamine (Sigma)

e 50 p/ml peniciline/streptomicine (P/S) (Sigma)

e 10% fetal bovine serum (FBS) (Sigma)

e 25mM Hepes (Sigma)

For virus production, and after transient transfection, the same culture medium

lacking FBS was used.
1.1.2 hAMSC

hAMSC were isolated from adipose tissue derived from cosmetic subdermal
liposuctions, with patient consent. After rinsing with PBS 1X, lipoaspirates were
suspended in one volume of 1X collagenase | (Invitrogen, Carlsbad, CA) solution and
incubated 30 min at 379C with gentle agitation. Digestion was terminated by
inactivation of the collagenase | by addition of one volume of DMEM + 10% FBS. Cells

were seeded at 5000 cl/cm? density at 372C with 5% CO, in the following medium:

e DMEM 4500 glucose

e 2 mM L-glutamine
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e 50u/mlP/S
e 10% FBS
1.1.3 U87 MG

U87 MG (ATCC) is a glioblastoma multiforme, astrocytoma cell line obtained from a
human malignant glioma. The karyotype of these cells is hypodiploid female, usual
chromosome number of 44 in 48% of cells and 5.9% present a higher ploidy rate. Cells

were cultured at 372C with 5% CO, in the following medium:

e 1:1 mixture DMEM 4500 glucose and HAM’s F-12
e 2 mM L-glutamine

e 50u/mlP/S

e 10% FBS

1.2 Cell storage
Freezing medium contained:

e 90% FBS

e 10% dimethil sulfoxide (DMSO)
Before resuspending cell pellets, freezing medium was maintained at 49C for 15
minutes. Cell concentration was of 1-5 x 10° cells/ml, aliquots were prepared in
criotubes and hold in feezing containers at -802C. After 48 hours, cells were conserved

in liquid nitrogen for a long-term conservation.
1.3 Flow cytometry analysis

e hAMSC were suspended in PBS + 1% bovine serum albumin (BSA)

e Cells were incubated with following antibodies: mouse anti-human cd90-PE (BD
Bioscience); mouse anti-human cd34-PE (Abcam, Cambridge, UK); mouse anti-
human cd105-PE (BD Bioscience); mouse anti human cd 106-PE (BD,
Bioscience); mouse anti-human cd73-PE (BD, Bioscience); mouse anti-human

cd29 (BD, Bioscience); mouse anti-human cd45-FITC (BD, Bioscience); mouse
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anti-human c¢d44-PE(BD, Bioscience).Unspecific binding was assessed by
isotype control mouse IgG2a-PE (BD, Biosciences), mouse IgG1k-PE (BD,
Bioscience) and mouse IgG1k-FITC (BD, Bioscience).

e Antibody-FITC and PE binding was analyzed by fluorescence-activated cell

sorting (FACS) in an EPICS XLTM Flow Cytometer.

1.4 In vitro tube formation assay

e 50 ul of Matrigel TM (BD Bioscience Inc, Franklin Lakes, New Jersey, EUA)
solution manipulated at 49C were added per well in a 96-well plate and
incubated for 30 minutes at 37°C.

e 1x10” cells in 100 pl of EGM-2 (Lonza Walkersville, Inc.; ref. CC-3162) were
seeded on Matrigel coated wells.

e Formation of tube-like structures was monitorized for 7 hours by phase

contrast microscopy.

1.5 Cell proliferation assay

CellTiter 96 Aqueous One Solution Cell Proliferation Assay (Promega) was used for cell
doubling time determination, ganciclovir toxicity and cytotoxic bystander effect in

vitro:

e Quadruplicates of 3x10° hAMSC and 5x10° U87 cells were plated into 96-well
plates and incubated overnight at 372C.

e Culture medium was replaced 24 h later (T=0).

e 20ul of CellTiter 96® AQueous One Solution Reagent was added into each well
of the 96-well assay plate containing the samples in 100ul of culture medium.

e The plate was incubated at 37°C for 2 hours in a humidified, 5% CO,
atmosphere.

e Proliferation was evaluated spectrophotometrically at 490 nm at days 0, 5 and
9.

e Results were expressed as the percentage of proliferation, where the

proliferation of cells in culture medium at day 0O was set to 100%.
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1.6 Cell invasion assay

To analyze in vitro homing capacity of hAMSCs and U87 we used a 2D invasion assay

with p-Dish35mm, low Culture-Insert (Ibidi, Martinsried, Germany).

e Cell suspensions containing 10% of hAMSCs or 2x10° U87 in 70 pl of medium
were prepared.

e Different suspensions were seeded in each well of the culture-insert and
incubated at 37 °Cand 5 % CO2 as usual.

e After appropriate cell attachment (24 hours) the culture-insert was gently
removed by using sterile tweezers and the dish was washed and filled with

medium.

e Cell invasion was monitorized for 24 hours by phase contrast microscopy.

1.7 BLI determination of luciferase activity in vitro

Mixed cell cultures containing 10 U87 with several proportions of hAMSC were
seeded on 48-well plates and analyzed by BLI at days O, 5 and 9, with changes of

medium every 3 days:

e Medium was removed from the wells.

e Wells were rinsed twice with PBS 1x.

e 100 pl of Pluc or Rluc substrate stock reagent (Caliper, Hopkinton, MA, US and
Prolume, Pinetop, AZ, US) was added.

e For imaging, plates were placed in the detection chamber of a high-efficiency
ORCA-2BT Imaging System (Hamamtsu Photonics, Hamamatsu City, Japan)
provided with a C4742-98-LWG-MOD camera fitted with a 512 x 512 pixel
charge couple device cooled at -802C.

e |Immediately following substrate addition images were acquired during 1 min
using 1x1 array (binning 1x1), and in order to register the position of the light
signal, an additional image was obtained using a white light from a lamp in the

detection chamber.
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e Light events were calculated using the Hokawo2.1 image analysis software and
expressed as PHC after discounting the background of wells without cells. The
net number of PHCs in the area of interest was calculated using the formula:
PHCs = (total number of PHCs in the area of interest)-[(number of pixels in the
area of interest)x(average background PHCs per pixel)].

e Pseudo color images were generated using arbitrary color bars representing
standard light intensity levels for Pluc (blue: lowest; red: highest) and for Rluc

(black: lowest; blue: highest).

Viral vectors were used for cell labelling for stable expression of bioluminescent and
fluorescent proteins. Lentivirus system was employed since hAMSC have low division

rate.

2.1.1 pRRL-Luc-IRES-EGFP vector

The construction pRRL-Luc-IRES-EGFP was kindly provided by Dr. Alvarez-Vallina **°.

The vector contained the PLuc under control of the cytomegalovirus (CMV) promoter

followed by and IRES to express an eGFP.

== B =

pcMy PLuc IRES eGFP

2.1.2 hrl-mrfp-tk vector

133 (Standford University, US),

hrl-mrfp-tk vector, kindly donated by Dr. S. Gambhir
contains a chimeric trifunctional reporter comprising Rluc, monomeric red fluorescent
protein (mRFP1) and a truncated version of the herpes simplex virus thymidine kinase

coding sequences (sr39tk) regulated by the CMV.
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] LTk |

pCMV RLuc  mRFP Truncated 39tk

2.1.3 PLox:hPECAMp:PLuc:eGFP

This vector that expresses chimeric Pluc and eGFP regulated by the endothelial specific

promoter PECAM was constructed in our group 155

. First, a pLox:PLuc:eGFP lentiviral
vector containing a fusion reporter comprising PLuc and eGFP, was obtained by
polymerase chain reaction amplification and standard cloning procedures using the
PLuc and eGFP genes from plasmid pGL4.10:PLuc (Promega Corporation, Madison, WI,
USA) and pEGFP-N1 plasmid (Clontech Lab., Palo Alto, CA, USA). In a second step the
HPECAM-1p, kindly provided by Dr. Carmelo Bernabéu (Centro de Investigaciones
Biologicas, CSIC, Madrid), was cloned into pLox:PLuc:eGFP using Xbal/Spel and Spel

enzymes respectively.

RCJ ) — E =(mw]

hPECAMp  Pluc  eGFP

2.1.4 Notch homolog 1 MISSION® shRNA Lentiviral Transduction Particle

This vector that expresses a shRNA anti-Notchl in a PLKO.1-puro backbone vector was
purchased from Sigma-Aldrich (NM_017617). The following clones were tested:
TRCNO000003358, TRCNO000003359, TRCNO000003360, TRCN0O000003361,
TRCNO000003362. The clone TRCNOO00003360 showed the most effective inhibition

and was used in the experiments.

2.1.5 MISSION® pLKO.1-puro Empty Vector Control Plasmid
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The MISSION pLKO.1-puro Control Vector is a lentivirus plasmid vector purchased from
Sigma-Aldrich (SHC001). The vector does not contain any shRNA insert and was used as

a negative control in experiments using the MISSION shRNA library clones.

2.2 Lentiviral particle production

The day before transfection, 3 x 10° trypsinized 293T cells were seeded on 10 cm? poly-
D-lysine treated plates (Sigma), allowing cell adherence. 24 hours later, and 2 hours

before transfection, cell medium is changed and 9 ml of fresh mendium were added.

For each transfection 6 ug of lentiviral transfer vector (pRRL-Luc-IRES-EGFP, hrl-mrfp-
tk, pLox:Pecam-Luc:eGFP), were mixed with 2 ug of viral envelope plasmid (pMD-G-
VSV-G) and 4 ug of packaging construct (pCMV DR8.2) in 250 ul of 150 mM NaCl. Then
DNA mix was supplied with 48 pl of 1 mg/ml polyethylene amine (Polyscience,
Warrington, PA, US) in 250 pl of 150 mM NaCl, and incubated at room temperature
(RT) for 20 min. This DNA solution was then added drop wise to the plate containing
the 293T cells in growth medium, swirled gently and then incubated for 16 hours at
372 C with 5% CO2. The following day, the transfection solution was removed, the cells
were rinsed with PBS 1X and medium without FBS was added to the cells. After 48
hour incubation, the supernatant was collected, centrifuged at 400g to remove cell
debris, and filtered through a 0.45 um low protein binding filter (Corning, Bath, UK).

The filtered supernatant was then kept at -802C for storage.

2.3 Virus titration

Viral titers were determined using the HIV-1 p24 antigen EiA 96 test kit(Beckman

Coulter).

e Test and blank aliquots were placed in 96-well plate and incubated with lysis
buffer for 1 hour at 372C. Medium was removed and wells were washed with

washing buffer 6 times during 30 seconds.

71



Materials and methods

200 L of reconstituted Biotin Reagent was added to all testing wells, except
the substrate blank well and incubated for 1 hour at 372C. Subsequently
medium was removed and well were washed with wash buffer 6 times during
30 seconds.

200 uL of SA-HRPO Working Dilution was added to all testing wells, except the
substrate blank well and incubated for 30 minutes at 372C. Wells were washed
as described above.

Finally, 200 pL of TMB-Substrate Solution (containing Streptavidin conjugated
to horseradish peroxidase) were added to all wells and dark incubated for 30
minutes at RT.

50 plL of CSR-1 was added to all wells to stop the reaction.

Absorbance was read at 450/470 nm. Results were obtained in pg/ml of HIV-1
p24 quantity. With the used transfection conditions we obtained that 10ng of

p24 matched with 10° transecting units (TU).

2.4 Cell transduction

hAMSC were seeded at 5000 cells/cm? and US7MG at 1000 cells/cm? in 12-well
plates.

Cell medium, containing polybrene (hexadimethrine bromide) (Sigma) at a final
concentration of 10 pg/ml and 500 pl of concentrated virus at 21 MOI (2x10°
TU/ml Multiplicity of Infection) was supplied to the cells.

Cells were incubated in transduction medium for 48 hours and were washed
with PBS 1x. Fresh medium was added and cells were cultivated for several
passes.

Viral transduction efficiency was determined by fluorescent protein detection

by fluorescent microscopy or by flow cytometry.

2.5 Transduced cell selection

Fluorescent cells were selected by fluorescence-activated cell sorting (FACS), for cells

labeled with Plox-G-Luc (green fluorescence) and for cells labeled with hrl-mrfp-ttk
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(red fluorescence). Depending on the cell type and proliferation capacity, selection was

performed between 5% and 30% of the maximal labeling.

2.6 Bioluminescent and fluorescent cell lines

Table 13: shows a list of reporter expressing cell lines generated:

e PL-G-U87

e RL-R-tTK-hAMSC

e RL-R-tTK: PECAM-PL-G-hAMSC

e RL-R-tTK: aNotch1-hAMSC

e RL-R-tTK: PECAM-PL-G: aNotch1-hAMSC
e Sh:RL-R-tTK-hAMSC

e Sh:RL-R-tTK: PECAM-PL-G-hAMSC

Cell line Constitutive Constitutive PECAM 1
bioluminiscent | fluorescent induced

marker marker bioluminiscent
marker

PL-G-U87 us7 Photynus eGFP

luciferase
RL-R-tTK-hAMSC hAMSC Renilla RFP

luciferase
RL-R-tTK; PECAM-PL-G- hAMSC Renilla RFP Photynus
hAMSC luciferase luciferase
RL-R-tTK: aNotch1- hAMSC Renilla RFP
hAMSC luciferase
RL-R-tTK; PECAM-PL-G:  hAMSC Renilla RFP Phatynus
aNotchl-hAMSC luciferase luciferase
Sh:RL-R-tTK-hAMSC hAMSC Renilla RFP

luciferase
Sh:RL-R-tTK: PECAM- hAMSC Renilla RFP Photynus
PL-G-hAMSC luciferase luciferase

PECAM 1
induced
fluorescent
marker

eGFP

Anti-Notchl

eGFP Anti-Notchl

Empty

eGFP Empty

Cytotoxic gene

Thymidine
kinase

Thymidine
kinase

Thymidine
kinase

Thymidine
kinase

Thymidine
kinase

Thymidine
kinase

Table 13 Compilation of genes expressed by the cell lines used during the thesis
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3 IN VIVO ANIMAL MODEL
3.1 SCID mice

Severe Combined Immunodeficiency (SCID) mice used during these studies were
purchased from (Charles Rivers, Wilmington, MA, USA) and kept under pathogen-free
conditions in laminar flow boxes. Animal maintenance and experiments were
performed in accordance with established institutional guidelines and approved

protocols.

3.2 Stereotactic implantation in SCID mice brain

All in vivo experiments used an orthotopic U87 tumor model with or without hAMSCs

implanted in the brain of 6 weeks old SCID mice:

e Animals were anesthetized by i.p. injections of xylazine (Henry Schein, Melville,
NY,USA) 3.3 mg/kg and ketamine (Merial, Duluth, GA, USA) 100 mg/kg.

e Subsequently mice were mounted in a stereotactic frame (Stoelting, Wood
Dale, IL, U.S.A.) and their heads were secured using a nose clamp and two ear
bars, and a skin flap was lifted to expose the skull surface and further
anesthetized, by injection of fentanil (Kernpharma, Barcelona, Spain).

e For stereotactic cell implantation, a burr hole was drilled at the following
coordinates (0,6 mm posterior, 2 mm lateral and 2,75 mm depth respect
Bregma). The injections were delivered at a rate of 0.25 pl/min in volume of 4
pl, using a Hamilton syringe series 700 and
the needle was slowly withdrawn after
additional 5 minutes ( Figure 15 ).

e The scalp was closed by suture and the
animals were placed in individual recovery

cages and supplied with buprenorfine

(Buprex, Schering Plough SA, Madrid, Spain)

in the drinking water when needed. Figure 15 Stereotactic cell injection
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3.2.1 Implantation of tumor and hAMSC mixtures
Tumor and hAMSC mixes in different proportions were implanted in a 6 ul volume.
3.2.2 hAMSCs injection

In some studies hAMSCs were implanted into an established tumor or in the
contralateral hemisphere. The same protocol described in previous sections was used,
except for contralateral injection where cells were injected at coordinates 0,6 mm
posterior, -2 mm lateral and 2,75 mm depth respect Bregma (Figure 16). For studies
involving frontal migration, hAMSCs were injected 1mm anterior, -2 mm lateral and

2,75 mm depth respect Bregma.

Edge of incision in skn

Ty e
)((‘ . Repoa
hAMSC U87 MG

Figure 16 Diagram of contralateral hAMSC injection

4 NON INVASIVE BIOLUMINESCENCE IMAGING

e Mice were anesthetized by i.p. injection with 3.3 mg/kg of xylazine (Henry
Schein) and 100 mg/kg of ketamine (Merial).

e Mice were then injected i.p. with 150 pl of luciferin (Caliper) (16.7 mg/ml in
saline) or through tail vein with 25 pl of benzyl coelenterazine (1 mg/ml in
50/50 propilenglycol/ethanol) (Prolume) diluted in 125 pl of water.

e Animals were placed on a black methacrylate plate in the detection chamber of
the high efficiency ORCA-2BT Imaging System at a determined distance
(255cm). This distance permitted to acquire an image of the whole head of the
animal at the maximal aperture of the camera objective (HFP-Schneider Xenon

0,95/25 mm).
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\ - Substrates
. s »

Images were acquired from the dorsal direction during different time periods
depending of the emitted light. During the analysis emmited photons are
correlated to the time of acquisition. In general time of acquisition was 5
minutes. In cases of detection of hAMSCs after a long period post-injection
time of acquisition was 10-15 minutes. For tumors in advanced phase the time
of acquisition was of 5-30 seconds. To increase detection sensitivity, the
readout noise of the recorded signal was reduced by adding together the light
events registered by arrays of 8 x 8 adjacent pixels that are read simultaneously
(binning 8 x 8) of the camera CCD.

A second image of the animal was obtained using a white-light source inside
the detection chamber, to register the position of the luminescence signal,
during 125 milliseconds at 1x1 binning.

Mice were imaged weekly during experiments.

Quantification and analysis of photons recorded in images was done using the

Wasabi image analysis software (Hamamatsu Photonics) as described above.

e
5
3
g
2

Figure 17 General diagram of BLI protocol

4.1 Quantification and analysis of photons recorded in the images

Quantification and analysis of photons recorded in images was done using the Wasabi

image analysis software (Hamamatsu Photonics). Light events were expressed as

Photon counts (PHCs) and determined by the following scheme:

Using the Hokawo image analysis software the area of interest was selected

and the total number of recorded PHCs was extracted.
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e Background was determined extracting PHCs from an area with no detectable
signal from the same image.

e The net number of PHCs for the study was calculated using the formula:
(total number of PHCs in the area of interest)-[(number of pixels in the area of

interest)x(average background PHCs per pixel)].

e When required for the study the PHC values were correlated to the initial

number of PHCs.

4.2 Assessment of the cell number from the light measurements

Predetermined numbers of PL-G-U87 (1x10", 2,5x10", 5x10* and 1x10°) and RL-R-tTK-
hAMSC (1x10%, 3x10% 5x10* and 1.5x10°) were implanted in the brain of live mice at
the previously indicated coordinates (the same as used for the experiments) and
immediately after implantation imaged by BLI after administration of the

corresponding luciferase substrate, luciferin or coelenterazine.

Light measurements were expressed as PHCs following subtraction of background as
previously described. Data were represented as a standard curve with the number of

PHCs versus number of grafted cells.

Pseudo color images were generated using arbitrary color bars representing standard
light intensity levels for Pluc (blue: lowest; red: highest) and for Rluc (black: lowest;

blue: highest).

5 MICROSCOPIC ANALYSES

Brain from sacrificed mice were harvested, washed with physiological serum, fixed
with paraformaldehyde during 48 hours and placed in 30% sucrose for 48 hours in
order to cryoprotect the tissue. Brains were then washed with PBS 1x, embedded in

OCT, sliced in 10-20 um sections and mounted on glass slides.
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Hoechst staining was performed for detection of cell nuclei. For macroscopic view

analysis 20 um brain sections were stained with Hematoxylin and Eosin (HE).

5.1 Fluorescence angiography

For tumor microvessel imaging, mice were anesthetized and injected trough the lateral
tail vein with 200 pl (10 mg/ml) of a high molecular weight (2,000,000 MW) FITC-
conjugated dextran Sigma (St Louis, MO, US). Ten minutes after the injection mice
were sacrificed and brains were retrieved and fixed in paraformaldehyde during 24
hours. The fixed brains were sliced 10-20 um sections and analyzed for microvessel
formation and presence of fluorescent hAMSCs and U87 using confocal laser scanning

microscopy (Leica TS1 SP2).

5.2 Immunofluorescence histology
Fluorescent immunodetection was performed on 10 um thick section as follows:

e The slides were washed 2 x 5 minutes in TBS.

e The slides were washed 3 x 10 minutes in TBS + 0, 5% Trit6-X100 (0, 5% TBS-T).

o Blocked in 1% BSA + 5% NDS en TBS-T for 1 hour at room temperature.

e Primary antibody diluted in blocking solution was applied and incubated
overnight at 49C with gentle agitation (Table 14).

e Slides were tempered and rinsed 3 x 5min with 0, 5% TBS-T.

e Secondary antibody diluted in TBS with 1% BSA was incubated for 1 hour at
room temperature and darkness.

e Slides were washed 3 X 5 min in TBS.

e Slides were incubated with Bisbenzimide (Hoechst, Sigma) (1 ug/ml) for 15 min

e Slides were washed 2 X 5 min in TBS.

e Slides were mounted in FluoromountTM (Sigma).
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Antigen Primary Primary Primary Specie recognized | Secundary Secondary Secondary antibody
antibody antibody antibody by secondary antibody antibody comercial house
host dilution comercial house | antibody dilution labelling

1

PECAM  Mouse 1:50 Abcam Mouse 1:200 Cy5 Jackson
ImmunoResearch
aSm22  Mouse 1:50 Abcam Mouse 1:200 CyS Jackson
ImmunoResearch
CD133 Mouse 1:50 R&D Systems  Mouse 1:200 Cys Jackson
ImmunoResearch
RFP Rabbit 1:50 Abcam Rabbit 1:200 Alexa 549 Jackson
ImmunoResearch
GFP Chicken 1:200 Abcam Chicken 1:200 DyLight 488 Jackson
ImmunoResearch

Table 14 Compilation of different primary and secondary antibodies used for immunofluorescence

6 REAL-TIME PCR

e Total RNA from the sample was obtained with RNeasy Plus Micro Kit (QIAGEN)
following the indicated procedure

(http://www1l.qiagen.com/HB/RNeasyPlusMicroKit EN).

e RNA was quantified by Nanodrop spectrophotometer (Thermo Scientific,
Waltham, Massachusetts, EUA).
e cDNA was synthesized from 2 pg of RNA following the kit Script One-Step
RT_PCR kit (Bio-Rad, Hercules, CA, EUA) protocol:
= 25 ul 2X RT-PCR reaction
= (21,5-X) ul nuclease free H,0 (adjusted to 50 pl final volume of
reaction)
= X ul RNA (~2 ug)
= 2,5 ul (=250 nM) Random hexamers (50 uM)(Qiagen)
= 1 uliScript Reverse Transcriptase (50X)
= Thermal cycler (Bio-Rad) was programed to run the following

protocol:

= 10 min a 252C (hexamers annealing)
= 10 min a 502C (cDNA synthesis)
» 5 mina952C (reverse transcriptase inactivation)
e Real-time PCR was performed with 2 ul of ¢cDNA in a final volume of 20 ul
containing:

e 7 plnuclease free H,0
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e 10 ul TagMan 2X Universal PCR Master Mix (Applied Biosystems,
Carlsbad, CA, EUA)

e 1 pl primers from Applied Biosystems EGR-3 (Hs00231780_m1);
CD31 (Hs00169777_m1); ILK (Hs00177914_m1); SDF-1
(Hs00930455_m1);  VEGFal  (Hs00173626_m1);  Notch1l
(Hs01062014_m1); Osteocalcin BGLAP (Hs01587813_g1), GADPH
(Hs99999905_ml).

e Data were analyzed using ABI Prism 7000 Sequence Detection System program.
Relative quantification with standard curve method was used to determine the
changes in steady-state mRNA levels of the genes across multiple samples and express
them relative to the levels of an internal control RNA (GAPDH). The classic comparative
2-AACt method *°! was used to calculate the expression level of the gene of interest

relative the reference sample.
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1 INVIVO RL-R-TTK-HAMSC MEDIATED BYSTANDER GLIOBLASTOMA THERAPY

Current treatment protocols for GBM are ineffective due to its invasiveness, which
prevents complete surgical removal and promotes persistence of radiation and
chemotherapy resistant cells after therapy. A promising approach has emerged
based on the use of cellular vehicles to deliver localized treatment targeting the
primary tumor mass®’. In the current thesis, an efficient therapeutic strategy model
using hAMSCs was developed against glioblastoma. Fine tune and evaluation of the
therapeutic process in real time was possible by taking advantage of BLI to

noninvasively monitor tumor and therapeutic cells.
Therefore the first objective of this thesis to achieve was:

I.  Generate tumor and cytotoxic hAMSCs (therapeutic cells) expressing
bioluminescent and fluorescent reporters for non invasive imaging of tumor

and therapeutic cell behavior in live animals.

1.1 Transgene expression in hAMSC and U87 cells.

To noninvasively monitor the behavior of tumor and therapeutic cells during therapy
lentiviral vectors were used to introduce the genes of interest. Lentiviral vectors can
transduce with high-efficiency dividing and quiescent cells and incorporate their
genome into the host genome, allowing stable gene expression. In addition, lentiviral
vectors do not seem to induce a strong immune response and are less disposed to

transcriptional silencing than onco-retroviral vectors'®%.

Human glioblastoma U87 MG tumor cells were transduced with lentiviral construct
PRRL-Luc-IRES-EGFP, kindly provided by Dr. Alvarez-Vallina'®®. Transduction with this
vector resulted in the stable expression of the chimeric reporter with Pluc and eGFP

activities, to generate “PL-G-U87” tumor cells.

hAMSCs were genetically modified with a lentiviral vector to express a tri-functional
reporter hrl-mrfp-tk, kindly donated by Dr. S. Gambhir'** comprising Rluc, RFP and a
truncated version of HSV-TK (tTK) to generate RL-R-tTK-hAMSC “therapeutic vehicles”.
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One of the advantages of this system is that bioluminescent and fluorescent reporters
as well as suicide gene expression are under the same constitutive promoter control.

Thus expression of all gene activities is always proportional to each other.

This use of two different luciferase systems allowed independent imaging of
therapeutic and tumor cells using non-cross-reacting luciferase substrates,
coelenterazine and luciferin, respectively (see page 53). In addition, the inclusion of
two different fluorescent protein reporters, allowed selection of labeled cells by FACS,
and detection of therapeutic and tumor cells by fluorescence confocal microscopy of

tissue sections.

1.1.1 RL-R-tTK-hAMSCs characterization.

Sometimes viral transfection can bring undesirable consequences such as changes in
gene expression or extreme proliferation. To determine whether lentiviral
transduction and consequent gene expression had modified hAMSC growth
characteristics we compared RL-R-tTK-hAMSCs and untransduced hAMSC doubling

time and immunophenotype.

Flow cytometry analysis of following hAMSC markers was performed: CD105, CD44,
CD29, CD90, CD73, CD106, CD34, CD45. As represented on Figure 18 hAMSCs and RL-
R-tTK-hAMSCs presented the same immunophenotype that defines hAMSC (see page
40).

Proliferation rate of RL-R-tTK-hAMSCs and untransduced hAMSCs was evaluated
spectrophotometrically by CellTiter 96 Aqueous One Solution Cell Proliferation Assay.
As represented on Figure 19 no significative difference was detected in different cell

populations doubling time.

Thus we assumed that lentiviral transduction did not have a detectable effect on these

hAMSCs features.
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Figure 18 Characterisation of transduced and untransduced hAMSC. Flow cytometric analysis of hAMSCs

(A) and RL-R-tTK-hAMSCs (B) using antibodies against CD105, CD44, CD29, CD90, CD73, CD106, CD34,

CD45 showed no difference in marker expression.
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1.1.2 Cells sensitivity to GCV

Before beginning bystander killing experiments we needed to demonstrate that tTK
gene was functional in the genetically modified therapeutic vehicles and to determine

GCV effect on tumoral and therapeutic cells.

Replicate cultures of PL-G-U87, hAMSCs and RL-R-tTK-hAMSCs were seeded in tissue
culture plates and were treated with GCV (4ug/ml) or normal medium. Cell survival or
proliferation was assessed using the CellTiter 96 Aqueous One Solution Cell

Proliferation Assay.
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Figure 20 Sensitivity of PL-G-U87 cells (A), RL-R-tTK-hAMSC and hAMSC (B) to GCV. Cells were grown
during the indicated times and treated with GCV (4 pug/ml) or not, as indicated. Number of viable cells
was evaluated spectrophotometrically by MTS assay and expressed as percentage increase relative to
cell number at day 0. Histograms show mean + SEM, **p<0.01 respect untreated cells, n=4 for each

group.
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As shown on Figure 20 A treatment with GCV had no effect on survival of PL-G-U87.
Proliferation rate was the same whether treated with GCV or not. GCV treatment had
no effect on growth pattern of unmodified hAMSCs, lacking the tTK gene, either on PL-
G-U87 (Figure 20 B). However, as expected, GCV treatment did exert a strong cytotoxic
effect on tTK expressing hAMSCs, that increased in time (Figure 20 B). What is more,
hAMSCs and RL-R-tTK-hAMSCs where grown in increasing concentrations of GCV (0
ug/ml, 2 pg/ml, 4 pg/ml and 8 pug/ml) and it was determined that cytotoxic effect of
tTK was proportional to GCV concentration (Figure 21). However untransduced
hAMSCs would proliferate without significant change even in the presence of high

concentrations of GCV, confirming its low toxicity.

A B
- hAMSCs 2o RL-R-TK-AMSC
300% 300%
& 1om & 250%
H o 0 ug/ml GCV 'E' OCur/m GCY
=00 wE -
E r%% . %1 ug/ml GCV g 200% #1ugfm GV
=, 5 =
g. 250% % 522 ug/ml GCV 5 150% 312 unfm GCY
2 =
I oo% é = 4 ugfml GCV 3 100% 2 4ug/m GCV
s, §§ ®8 up/ml GCV 50% W Eug/m GCV
B
0% 0%

Figure 21 Cell sensitivity to increasing dose of GCV. hAMSC and RL-R-tTK-hAMSC were cultured in
medium containing GCV at indicated concentrations (0 pg/ml, 2 ug/ml, 4 pg/ml and 8 pg/ml). Cell
viability was evaluated spectrophotometrically by standard MTS assay and expressed as percentage of
cell proliferation (respect day 0) * P<0,01, respect same day and same concentration of hAMSC, n=4 for
each group. (A) RL-R-tTK-hAMSC proliferation rate is sensitive to GCV dose. At day 5 there is a linear
correlation between GCV concentration and cell death. (B) hAMSCs and U87 proliferate without

significant change even in the presence of high concentrations of GCV confirming its low toxicity.

1.1.3 Bystander killing of PL-G-U87 glioblastoma cells by RL-R-tTK-hAMSC in vitro

Once demonstrated functionality of tTK gene expressed by RL-R-tTK-hAMSC, we
studied the bystander effect of these cells on tumoral cells. To assess this purpose we
used BLI that allowed us to monitorize proliferation of different cell populations
separately in the same well. Cocultures of luciferase expressing RL-R-tTK-hAMSC and

PL-G-U87 were plated in different proportions (1:20, 2:20, 4:20). Cells were treated
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with GCV (4 pg/ml) or PBS. Survival of PL-G-U87 cells was determined by BLI at days O,
4 and 8.

As shown in Figure 22, viability of PL-G-U87 cells in the presence of GCV was inversely
proportional to the ratio of therapeutic to tumor cells (88%, 93%, 94% killing for 1:20,
2:20, 4:20 RL-R-tTK-hAMSC:PL-G-U87), but was not affected by treatment with PBS.
Thus bystander killing effect produced by RL-R-tTK-hAMSC is directly reliant on

therapeutic cell number.

350%
- RL-RATK-
& 300% hAMSC

c to PL-G-U87
,% 250% ratios

g 200% ©@1:20 PBS
g @1:20 GCV
p 150% B2:20 PBS
= 100% @2:20 GCV
S @4:20 PBS
L son w4:20 GGV

0%

Days after plating

Figure 22 Bystander effect in co-cultures comprising different proportions of RL-R-tTK-hAMSCs and PL-
G-U87 cells to GCV. Cells were grown during the indicated times and treated with either GCV (4 pg/ml)
or PBS, as indicated. Number of viable PL-G-U87 was evaluated by BLI, and expressed as percentage

increase relative to cell number at day 0. Histograms show mean + SEM, *p<0.05, **p<0.01 n=4 for each

group.

1.1.4 Detection sensitivity of PL-G-U87 and RL-R-tTK hAMSC in vivo

Before performing experiments in vivo with luciferase expressing PL-G-U87 and RL-R-
tTK hAMSC we needed to determine the detection sensitivity of these cells. Skull bone
and intervening brain tissue in live animals reduce the efficiency with which light
photons reach the video camera detector used for BLIl. Establishing a correlation

between light measurements and cell number was essential.

We implanted predetermined numbers of PL-G-U87 and RL-R-tTK-hAMSC in the brain
of live mice at specific coordinates (0,6 mm posterior, 2 mm lateral and 2,75 mm depth

respect Bregma) later used for experiments. Immediately after implantation, mice

88



Results

were imaged by BLI after administration of the corresponding luciferase substrate,
luciferin or coelenterazine (PL-G-U87 and RL-R-tTK-hAMSC). The number of recorded
photon events (PHCs) was extracted from recorded images and plotted, after
background subtraction, versus the number of inoculated cells. As shown in Figure 23,
detection sensitivity (slope of the correlation curve) was similar for both cell types and
there was a good linear correlation between the amount of light produced and the
number of cells implanted, 34,2 PHCs /cell, R* = 0,994 and 20,64 PHCs /cell, R? = 0,974
for PL-G-U87 and RL-R-tTK-hAMSC, respectively.

PL-G-U87 RL-R-tTK-hAMSC
3500 | ¥=34.279x-207745 3500 |  y=20644x+44973
R= 0,9049 Rt=0,9742
3000 - 3000 -
,é 2500 - 2 2500 -
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[ 7]
L 1500 - S 1500
o o
1000 - 1000 -
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0 T v v 1] T T T 1
0 50 100 150 0 50 100 150 200
Cell number x 107 Cell number x 10°

Figure 23 In vivo BLI sensitivity. The indicated numbers of PL-G-U87 (A) and RL-R-tTK-hAMSC (B) were
stereotactically implanted, at the same coordinates later used for experiments in the brain of
immunosupressed mice and imaged after luciferin or coelenterazine substrate administration,
respectively. The number of light events (PHCs) recorded from the mice brains was plotted, after
background subtraction, versus the number of implanted cells. R® correlation coefficient. Data are

presented as mean +SEM, n=4 in each group.

Once we determined that modified tumoral and therapeutic cells correctly expressed
the corresponding transgenes in vitro and in vivo we proceeded to accomplish the

following objectives:

II. Development of a glioma therapy model based on stereotactic intracerebral
implantation of tumoral and cytotoxic therapeutic cells in SCID mice brain.

[ll.  Optimize a bioluminescence imaging system to non-invasively monitor cell
responses.

IV.  Optimize delivery of the cytotoxic agent.
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1.2 Optimal RL-R-tTK-hAMSC dose for in vivo bystander effect

As previously shown in vitro bystander killing effect produced by RL-R-tTK-hAMSC is
directly dependent on therapeutic cell number. We wanted to observe if this
correlation persisted in vivo and determine the optimal dose of tTK expressing hAMSCs

for an efficient therapy.

To establish the best proportion of therapeutic to tumor cells we injected mixed cell
populations comprising PL-G-U87 cells (4x104) and different proportions of RL-R-tTK-
hAMSCs, (1:1, 1:2, 1:4) respectively in the brain of SCID mice at the previously
indicated coordinates (see page 71) (n=15). Two control groups (n=10), were also
included, one of them consisting of mice injected with 4x10* PL-G-U87 cells only, that
was treated with GCV; and the other consisting of mice injected with the same number
of PL-G-U87 cells in a 1:1 proportion with RL-R-tTK-hAMSCs, that was treated with PBS.
Beginning six days after the cell implantation (T=0), and during a 35 day period, the
inoculated mice were treated daily by i.p. administration of GCV or PBS, as indicated.
Light emission by tumoral cells expressing Pluc luciferase was monitored by BLI from
the beginning of GCV treatment and every week thereafter. Image sequences of

tumors were used to monitor tumor growth during the experiment.

Figure 24 shows statistical evaluation and analysis of photons captured in all images.
Mixed cell tumors (1:1) treated with PBS grew at a similar rate than control tumors
treated with GCV but without therapeutic cells (p> 0,05). However, treatment with
GCV of tumors bearing therapeutic cells inhibited tumor growth relative to controls.
Although a trend in tumor growth inhibition appears from the start of the GCV
treatment, a clear inhibition of tumor growth was apparent by day 21 and was evident
by day 35 of GCV treatment in all the therapeutic cell proportions tested. The
therapeutic effect directly correlated with the proportion of therapeutic cells used,

being 1:4 the most effective cell dose (Figure 24 B).
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Figure 24 In vivo optimization of tumor to therapeutic cell ratio. Tumor and therapeutic cells mixed in
proportions 1:0, 1:1, 1:2 and 1:4 (PL-G-U87:RL-R-tTK-hAMSC) were implanted in the brain of SCID mice
and treated at day 6 i.p. with either GCV or PBS as indicated and monitored by BLI at weekly intervals.
(A) The graph shows in vivo changes in light production by Pluc expressing tumor cells resulting from
GCV treatment. (B) Histogram showing PHC values at the end of the experiment (T=35). Values were
normalized relative to those at T=0 according to the formula [(T35/T0) x 100 = tumor variation (%)]. Data

are shown as mean + SEM, *P<0.05, compared to the 1:0+GCV group, n=5 for each group.
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In this group of mice, by the end of the experiment (T=35) the amount of light
produced by the tumors was 0,14% of the light produced by those in the control group
(PL-G-U87 only) (p<0,05). Analysis comparing tumor size at the start (T=0) and end (T=
35) of treatments shows a significant size reduction (p< 0,05) for all the tumors treated
with therapeutic cells plus GCV, but not for controls where either GCV or therapeutic
cells were omitted. In the 1:4 + GCV group, only 3% of light produced by tumor cells at

T=0 persisted at the inoculation sites following GCV treatment (Figure 24 B).

1.3 In vivo RL-R-tTK-hAMSC mediated bystander glioblastoma therapy

The following experimental protocol was applied: a group of 24, 6 week old SCID mice
was stereotactically inoculated at the previously indicated coordinates with either a
mixture of 4x10* PL-G-U87 cells and 1.6x10° RL-R-tTK-hAMSCs (n=16) or with 4x10* PL-
G-U87 tumor cells only (n=8). Six days post implantation (T= 0), the mice were imaged
by BLI to monitor Pluc activity from the PL-G-U87 tumors and Rluc activity from RL-R-
tTK-hAMSC cells, and a treatment regime was initiated as described in the diagram of
Figure 25. In brief, one half of the mice implanted with PL-G-U87 and RL-R-tTK-hAMSC
cells received GCV, while the other half received the same volume of PBS. Mice
implanted with only PL-G-U87 cells also received GCV. Treatment was administered
during two 3 week periods, separated by a one week rest period. At day 49 all the

control mice were sacrificed, as required by the animal welfare protocol.

1:4+GCV
“1:4+PBS _
1:0+GCV

Q

Days of ¢ 0 21 28 42 49
1

treatment

1 % 1 — N\ 1
@0 Inoculation day GCV (or PBS) End GCV GCV (or PBS) End GCV Mice sacrifice

3 p treatment begins treatment || treatmentbegins || treatment
% Ilmage acquirementevery 7 days |

Figure 25 Diagram illustrating experimental procedure.

BLI was used to monitor tumor development during the experiment. Figure 26 A shows
representative images from single animals in each of the experimental groups.

Treatment of mixed cell tumors with PBS, or of control tumors (lacking therapeutic
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cells) with GCV had no inhibitory effect on tumor growth, and light production by PL-G-
U87 cells progressively increased up to the end of the experiment. However, treatment
of mixed cell tumors with GCV resulted in the progressive reduction of light produced
by PL-G-U87 cells up to the end of the experiment, when light from PL-G-U87 cells

reached background level.

Quantitative evaluation of therapeutic effect is shown by plots of total light events
recorded in images from the tumor areas vs. time (Figure 26 C). This analysis shows
that the amount of light produced by tumors containing therapeutic cells that were
treated with GCV, by the end of the experiment, was 10* times lower than that
produced by control tumors treated with GCV or by tumors with therapeutic cells
treated with PBS (p< 0,05). Moreover, by the end of the experiment, light produced by
tumors treated with therapeutic cells plus GCV was only 0,12% the amount of light

produced by the same tumors at T=0 (6 days after cell implantation) (n=8).

Cell killing detected by BLI could also be verified at the macroscopic level by visual
comparison of brain sections from control mice and those treated with therapeutic
cells plus GCV (Figure 26 B), and while sections from control mice brains showed a
clear tumor mass, those from mice inoculated with tumor plus therapeutic cells and
treated with GCV had a normal macroscopic appearance and showed no signs of

tumors.
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Figure 26 In vivo BLI of hAMSC mediated tumor therapy. (A) Composite pseudo-color BLI images from
mice implanted with 4x10" PL-G-U87 plus 1.6x10° RL-R-tTK-hAMSCs and treated with GCV (1:4+GCV);
4x10* PL-G-U87 plus 1.6x10° RL-R-tTK-hAMSC and treated with PBS (1:0+GCV); and with 4x10* PL-G-U87
only and treated with GCV. Images were acquired once per week. Arbitrary color bars illustrate relative
light intensities from PLuc luciferase, lowest: blue; highest: red. (B) Representative images of brain
sections at day 49. Top: brain of a 1:4+GCV treated mouse. Bottom: brain of a 1:0+GCV mouse, arrow
points to tumor area. (C) In vivo changes in light production by U87 tumors expressing Pluc, resulting
from GCV treatment and tumor cell death. Light values, calculated from the recorded images, are

represented as log1l0 mean = SEM; n=8; * p< 0.05, compared to the 1:0+GCV.
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Validation of BLI analysis was also provided by fluorescence confocal microscope
observation of mouse brain sections that showed the presence of red fluorescent RL-R-
tTK-hAMSCs evenly distributed throughout the tumor implantation site mixed with

green fluorescent tumor cells, at T= 0 before starting GCV treatment (Figure 27 A).

-

1:4+PBS day 0

10 prh
¥

1:4+PBS day 49

1:4+GCV day 49

10 pm

Figure 27 Effect of GCV on fluorescent RL-R-tTK-hAMSC at tumor implantation sites. Left, representative
images of HE stained brain sections; Right, representative fluorescence confocal microscope images
showing implanted red fluorescent cells RL-R-tTK-hAMSC (arrow), and PL-G-U87 cells (green). (A)
Control mouse (1:4+PBS) at T =0, (B) control mouse (1:4+PBS) at T = 49, (C) treated mouse (1:4+GCV) at

day 49. Blue, Hoescht stained nuclei. Scale bar = 10 um.
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In well developed tumors (T= 49) from control group 1:4 +PBS, red fluorescent RL-R-
tTK-hAMSCs could also be detected in clusters within the green fluorescent mass of
the well developed tumor (Figure 27 B). However, brains from mice in the 1:4 + GCV
group had few detectable tumor cells and no detectable RL-R-tTK-hAMSCs, in

accordance with the BLI analysis (Figure 27 C).

1.3.1 Post-engraftment survival of therapeutic hAMSCs

Previously it has been observed that a large proportion of hAMSCs disappears when
injected in immunosupressed mice'®®. We monitored the fate of injected RL-R-tTK-
hAMSCs by BLI at the implantation day (T= -6) and 6 days later (T= 0), at the beginning
of GCV treatment (Figure 28). The number of detected PHCs at T= 0 corresponded with
that produced by 1.5x10" RL-R-tTK-hAMSCs in standard plots (Figure 23 B), near to a 10
fold decrease relative to T= -6. However, due to their rapid proliferation the amount of
light produced by PL-G-U87 tumor cells in the 1:4 + GCV and 1:4 + PBS groups, at T=0
corresponded to approximately 2x10° cells. Therefore, during the 6 days previous to
GCV treatment, the ratio of PL-G-U87: RL-R-tTK-hAMSCs changed by 52 fold, from 1:4

to 13:1. Thus, the later is the actual ratio at which therapeutic effect is exerted.
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Figure 28 Representative pseudo-color images from RL-R-tTK-hAMSC and PL-G-U87 at day of
implantation, T= -6 (1 and 3) and at initiation of GCV treatment, T= 0 (2 and 4). Luciferase images are
superimposed on black and white images of the same mouse. The included numerical values indicate
the cell numbers extrapolated from the “light vs cells” standard curve. Arbitrary color bars illustrate
relative light intensities from PLuc and Rluc luciferases, lowest: blue and black; highest: red and blue,

respectively.

1.4 Bystander glioblastoma therapy mediated by direct implantation of RL-R-tTK-
hAMSC on established tumors

After evaluating the efficiency of the glioblastoma cytotoxic therapy we wanted to
verify that the RL-R-tTK-hAMSC mediated therapeutic approach is also effective under
more clinical like conditions. To mimic a postsurgical inoculation of therapeutic cells
we first established gliomas in mice brain. 6 week old SCID mice were stereotactically
inoculated at the previously indicated coordinates (see page 71) only with 4x10* PL-G-
U87 cells. Six days post implantation (T= 0) one halve of the mice randomly chosen
(n=4) received an intracranial intratumoral injection of 1.6x10° RL-R-tTK-hAMSCs. On
day 3 mice were imaged by BLI to monitor PL-G-U87 tumor development, following
which GCV treatment was initiated consistent of a daily dose of GCV during a four
week periods, followed by 3 day rest periods. Weekly BLI was used to monitor tumor

development during the experiment. On days 33 and 68, when the drop in Renilla
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luciferase emission indicated the disappearance of implanted RL-R-tTK-hAMSCs,
additional intratumoral inoculations of 1.6x10° RL-R-tTK-hAMSCs were performed
(Figure 29).

PL-G-U87 RL-R-tTK-hAMSC RL-R-tTK-hAMSC
RL-R-tTK-hAMSC

® ©0®

do d33 d68 >
Glioma Therapeuticcells
establishment inyection
GCV treatment
BLI menitorization

Figure 29 Diagram illustrating experimental procedure.

The administration of RL-R-tTK-hAMSCs in combination with GCV resulted in the
inhibition of tumor growth. Moreover, as shown on Figure 30A the tendency of treated
tumors to regain growth when implanted therapeutic cells disappear is effectively
counteracted by repeated inoculations of additional RL-R-tTK-hAMSC and GCV
treatment. By day 53 right before all the control mice were sacrificed in accordance to
animal care protocols, light produced by tumors treated with therapeutic cells plus
GCV was only 0,12 % of that produced by the control tumors. Monitorization of mice
survival was performed. Kaplan-Meier survival graph (Figure 30 B) showed that the
treatment protocol resulted in significant (p<0.05) increase in animal survival. Median

survival was 88,5d (treated animals) and 51d (control animals).
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Figure 30 Response of U87 tumors to direct implantation of therapeutic cells and GCV treatment. (A) In
vivo changes in light production by U87 tumors expressing Pluc, resulting from inoculation of RL-R-tTK-
hAMSCs and GCV treatment. Dots represent PHCs values from individual animals (T: Treated mice; C:
Control mice). The bars represent the average values from each group. Arrows indicate the inoculation
of RL-R-tTK-hAMSCs. Light values, calculated from the recorded images, are represented as log10 of the
mean + SEM; n=4; * p< 0.05, compared to the control group. (B) Kaplan-Meyer graph summarizing mice

survival following the above treatment. Median survival, treated mice, 88,5d; control mice, 51 d, p<0.05.
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2 STUDY OF HAMSC INTERACTION WITH TUMOR VASCULATURE

As described in the previous section cytotoxic therapy mediated by hAMSCs had a
very strong bystander effect on tumoral cells, although only a small number of
therapeutic cells survived after injection. We hypothesized that injected hAMSCs
entered in close association with tumoral vasculature and GCV/tTK mediated
bystander effect induced its destruction. To confirm this hypothesis we pursued the

following objective:

V. Analyze the differentiation behavior of therapeutic cells in the tumor

microenvironment.

2.1 Intracerebral differentiation of RL-R-tTK-hAMSCs therapeutic cells

In an attempt to understand the mechanism by which the RL-R-tTK-hAMSCs + GCV
treatment achieves the observed high degree of therapeutic effect, the differentiation
behavior of therapeutic cells was analyzed. To do this, we used hAMSCs with a double

bioluminescent labeling.
2.1.1 hAMSC double labeling

We used, previously described, RL-R-tTK-hAMSCs that expressed Rluc under
constitutive CMV promoter. These cells were selected by FACS and then labeled with a
second Pluc-eGFP reporter under transcriptional control by the PECAM/CD31
promoter. This luciferase serves as a reporter of differentiation to the endothelial
lineage. As a result we obtained PECAM-PLuc-G:RL-R-tTK-hAMSC. With this strategy,
changes in PECAM-regulated luciferase expression could be quantitatively related to
those of the constitutively expressed Rluc, now an internal standard in the same cell

that allows the elimination of potential artifacts related to changes in hAMSC number.
2.1.2 Fate of tumor implanted RL-R-tTK-hAMSCs therapeutic cells

The doubly labeled hAMSCs were mixed with unlabelled U87 tumor cells and
implanted at the standard brain location. BLI analysis of Pluc and Rluc expression at

days 0 and 7 post-implantation showed (Figure 31 A) that while the bulk of implanted
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hAMSCs disappears from the tumor during the 7 day period, cells expressing PECAM-

promoter regulated Pluc remained associated to the tumor. Moreover, the ratio of

PECAM/CD31 promoter-regulated Pluc activity to constitutively-expressed Rluc

increased considerably by 92 fold, indicating that a subpopulation of the implanted

hAMSCs had differentiated to the endothelial lineage and remained at the tumor site

(Figure 31 B).

A Constitutive PECAM specific
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Days after injection

Figure 31 Endothelial differentiation of
hAMSCs in U87 tumors. Double
transduced hAMSCs expressing PECAM-
promoter regulated PLuc-GFP and CMV-
promoter regulated Rluc-R-tTK were
mixed 4:1 with unlabelled U87 glioma
cells, implanted in the brain of mice and
imaged at the indicated times. Mice were
then inoculated with a 2,000,000 MW
FITC-conjugated dextran and the brains
harvested, fixed in formalin and prepared
for microscopy. (A) Representative BLI
images showing Rluc (left) and Pluc (right)
activitiesat T=0(1and 2)and T=7 (3
and 4), respectively. Pseudo color images
are superimposed on black and white
dorsal images of recipient mice. Color
bars illustrate relative light intensities of
Pluc (right) and Rluc (left); low: blue and
black; high: red and blue, respectively. (B)
Histograms showing the change in the
ratio of Pluc/Rluc activities during the

indicated time period. Bars represent

mean = SEM of photon counts recorded in BLI images. * p< 0.05, n=4.
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2.1.3 Microscopic analysis of hAMSC endothelial marker expression and association

with vasculature

One week after implantation mice were sacrificed and analysis by laser confocal
microscopy was performed on the brains. Confocal microscope analysis of tumor
sections showed the presence of therapeutic cells expressing the RFP under
constitutive promoter and the eGFP regulated by the PECAM/CD31 promoter that also
positively stained with an anti-human endothelial specific PECAM/CD31 antibody but
not with an anti-human pericyte specific aSm22 antibody (Figure 32 A,B). Control
immunohistochemistry was performed on human miocardium tissue confirming the

specificity of both antibodies (Figure 32 C,D).

A EESS

PECAM1-hAMSCs PECAMLal .- Hoechst + Overlay

B RFP-hAMSC PECAM1-hAMSCs Smooth muscle ab

[@ Smoothmuscle ab Hoechst + Overlay Hoechst +.Overlay

\

Figure 32 Endothelial differentiation of hAMSCs in U87 tumors. Confocal microscopy analysis was
performed on slices from brain tumors implanted with PECAM:PL-G-RL-R-tTK-hAMSCs to determine co-
expression of grafted cells with endothelial PECAM1 and pericytic aSM22 markers. hAMSCs expressing
CMV-promoter regulated RFP (red) and PECAM-promoter regulated eGFP (green) also labeled by an
anti-human PECAM antibody (gray) (A) but did not express aSM22 antibody (B). Scale bar= 25um (A),
10um (B). Control immunohistochemistry was performed on human miocardium tissue confirming both

antibodies specificity (C,D). Scale bar=100um. 00
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The endothelial lineage of therapeutic cells associated to vascular structures in the
tumor was further verified by perfusing some of the mice with a fluorescein-
conjugated high MW dextran (FITC), not diffusible past the vascular endothelium,
followed by immunohistochemistry of fixed tissue sections to detect endothelial
specific markers. Confocal microscope analysis of sections of the perfused tumors
showed the presence of RFP expressing therapeutic cells that positively stained with
an anti-human PECAM/CD31 antibody and were closely associated to FITC-dextran

labeled vascular structures (Figure 33).

Overlay

Figure 33 Association of hAMSCs to tumor vasculature. Representative laser confocal microscope
images of a FITC-stained microvessel (green), associated with red fluorescent hAMSCs (red), also labeled

by an anti human PECAM antibody (gray) Scale bar= 25 pum.

2.2 Stability of the CMV promoter activity

In this experiment all the implanted therapeutic cells express RFP but only a fraction of
them is induced to express the endothelial lineage reporters. This double label strategy
offered the possibility of determining if the decrease in RLuc expressing therapeutic
cells previously observed in tumors could be due to silencing of the CMV promoter
that regulates RLuc, RFP and tTK expression. To do this, tumor sections were analyzed
to determine the proportion of eGFP expressing therapeutic cells that did not express
RFP. Our assessment showed that most of eGFP expressing cells also expressed RFP
and only 10% or less of the eGFP expressing cells did not express RFP, ruling out CMV
promoter silencing as the cause for the decrease in production RLuc photons within

tumors.
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2.3 Silencing of aNotch1 in hAMSCs

Notch1 signaling is involved in a number of processes including vascular/endothelial
differentiation. Previous studies showed that inhibition of Notch signaling by a y-
secretase inhibitor abolishes endothelial differentiation of bone marrow derived MSC
84 To explore if aNotch is required in our tumor therapy model, we inhibited the
Notch signaling pathway in RL-R-tTK-hAMSCs and PECAM-PL-G:RL-R-tTK-hAMSC by
transduction with aNotchl ShRNA (see pages 83 and 100); to generate aNotch1-RL-R-
tTK-hAMSCs and aNotch1-PECAM:PL-G-RL-R-tTK-hAMSCs, respectively. Two additional
sets of control cells were generated by transducing RL-R-tTK-hAMSCs and PECAM-PL-
G:RL-R-tTK-hAMSC with an empty pLKO.1-puro vector: sh-RL-R-tTK-hAMSC and sh-

PECAM:PL-G-RL-R-tTK-hAMSC. This controls served as controls of transduction.

2.3.1 Invitro validation of vascular differentiation impairment by aNotch1l ShRNA

To assess the effect of aNotch ShRNA on the tube formation capacity of hAMSCs we
used a Matrigel assay. This assay is based on the endothelial differentiation of cells and
the formation of tube-like structures on an extracellular matrix. As shown on Figure 34,
while positive control PECAM:PL-G-RL-R-tTK-hAMSCs and mock transduced sh-
PECAM:PL-G-RL-R-tTK-hAMSCs are capable of forming tubes in Matrigel, aNotchl-
PECAM:PL-G-RL-R-tTK-hAMSC completely lack tube formation capacity (3 different
oNotchl clones were tested with similar results, data not shown). The clone with the

highest level of tube formation inhibition was selected for further experiments.
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PECAM:PL-G:RI-R-hAMSC uNotch1-PECAM:PL-G-RL-R-tTK-hAMSC  sh-PECAM:PL-G-RL-R-tTK-hAMSC

Figure 34 Tube formation by hAMSC in vitro requires Notchl expression. Phase contrast
photomicrographs of untransduced (1), aNotch1 ShRNA transduced (2) and moch shRNA transduced (3)
PECAM:PL-G-RL-R-tTK-hAMSCs incubated in Matrigel for 4 h to evaluate their tubulogenic capacity.

We performed a Real-Time PCR quantification of mRNA from the same cells following
the Matrigel tube formation assay to study expression of endothelial markers in these
cells. The level of mMRNA expression for Notchl and other endothelial specific markers
(ILK, SDF1, EGR3, PECAM1) was significantly reduced in aNotchl-PECAM:PL-G-RL-R-
tTK-hAMSC relative to positive control PECAM:PL-G-RL-R-tTK-hAMSCs and to mock
transduced sh-PECAM:PL-G-RL-R-tTK-hAMSC (Figure 35).
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Figure 35 Endothelial marker expression in different hAMSCs cell lines. RNA extracted from cells in
matrigel was assayed by qRT-PCR to determine transcription levels of the indicated endothelial (ILK,
SDF1, EGR3,PECAM-1, VEGFA-1, Notch-1) and bone BGLAP/Octeocalcin differentiation markers. The
histogram shows % change in fold change relative to control PECAM:PL-G-RL-R-tTK-hAMSCs. n = 3;

*p<0,05 relative to control.
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However no significant reduction in the expression level of the Notchl independent
BGLAP/Osteocalcin gen was observed in either of the 3 cell types. These results
validate, the Matrigel assay results confirming the capacity of aNotchl ShRNA to

inhibit vascular lineage gene expression in these cells.

2.3.2 In vivo imaging of vascular lineage differentiation inhibition by Notchl

silencing

To assay vascular differentiation capacity of previously described cells in vivo un-
labelled U87 glioma tumor cells were implanted in the brain of SCID mice together
with either aNotch1-PECAM:PL-G-RL-R-tTK-hAMSCs or sh-PECAM:PL-G-RL-R-tTK-
hAMSCs and monitored by BLI. Again we used the double labelling strategy that
allowed us to evaluate changes in the expression of the differentiation reporter
relative to that for cell number, minimizing potential artefacts due to cell death or

proliferation (see page 100).

After 7 days post-implantation, imaging of cell distribution and number showed that a
large proportion of both types of implanted cells have disappeared or dispersed from
the implantation sites (Figure 36 A 1,3 and B 1,3), although a subpopulation of the
implanted cells appears to remain within the tumor implantation site. For these tumor
associated cells, imaging of the endothelial differentiation reporter PECAM-PLuc shows
(Figure 36 A 2,4 and B 2,4) little activity from aNotch1-PECAM:PL-G-RL-R-tTK-hAMSCs
but a considerable increase from sh-PECAM:PL-G-RL-R-tTK-hAMSC mock treated cells.
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A Constitutive PECAM specific B Constitutive PECAM specific
expression RLue  expression PLuc expression RLuc  expression PLuc

aNotchl-PECAM:PL-G-RL-RtTK-hAMSC + U87 Sh-PECAM:PL-G-RL-R-tTK-hAMSC + U87

Figure 36 Endothelial differentiation of hAMSCs in U87 glioma tumors requires Notchl expression
Independent mixtures comprising unlabelled U87 glioma cells and either aNotch1-PECAM:PL-G-RL-R-
tTK-hAMSCs (A) or sh-PECAM:PL-G-RL-R-tTK-hAMSCs (B) in a ratio of 1:4 were implanted at specific
brain coordinates. Implanted cells were monitored to determine cell fate (A1,3; B1,3) and
differentiation to the endothelial lineage (A2,4 and B2,4) by BLI of Renilla and Photinus luciferases,
respectively. Pseudo color images are superimposed on black and white dorsal images of recipient mice.
Color bars illustrate relative light intensities of PLuc (left) and RLuc (right); low: blue and black; high: red

and blue, respectively.

For each of the two cell types, the level of differentiation was quantified by calculating
the ratio of light photons produced by the differentiation reporter (PECAM-PLuc)
divided by those generated by the constitutively expressed reporter (CMV-RLuc)
representing cell number. As shown in the histogram (Figure 37) aNotch inhibited cells
increased their endothelial differentiation level by a 4x factor in the 7 day post
implantation, while mock inhibited cells increased by a 57 fold factor in the same time
period. These results indicate that while differentiation to the endothelial lineage was
active in control, mock treated, sh-PECAM:PL-G-RL-R-tTK-hAMSC, it was effectively

reduced in cells transduced with aNotch1l ShRNA.
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Figure 37 The ratio between photons acquired from Photinus luciferase and Renilla luciferase
generated images (PLuc/RLuc) at day 0 and 7 was used to evaluate differentiation of implanted cells to

the endothelial lineage * p<0.05, n=4.

2.3.3 Microscopy study of hAMSC association to vascular structures

Following BLI analysis, mice from the previous experiment were perfused using a high
(2,000,000 MW) fluorescein conjugated dextran, sacrificed and brains extracted and

fixed in formaldehyde.

Analysis by fluorescence laser confocal microscopy of tumor slices revealed frequent
RFP expressing sh-PECAM:PL-G-RL-R-tTK-hAMSCs with endothelial morphology and in
close association with tumor vascular structures labelled with fluorescein
(41,9+7,8%)(Figure 38 A). However RFP expressing aNotch1-PECAM:PL-G-RL-R-tTK-
hAMSCs were not so frequently associated with vascular structures (17,8+6,7%).
Quantification of hAMSC association with fluorescein labelled vessels showed that
aNotch1-PECAM:PL-G-RL-R-tTK-hAMSCs associated significatively less than mock

inhibited cells with vascular structures (Figure 38 B). These results indicate that
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inhibition of endothelial lineage differentiation by aNotch ShRNA also interferes with

the participation of hAMSCs in the formation of tumor vascular structures as expected.

A
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Figure 38 hAMSCs association to tumor microvessels. Representative laser confocal microscope images
of the corresponding brain tumor slices showing RFP expressing sh-PECAM:PL-G-RL-R-tTK-hAMSCs (top)
and aNotch1-PECAM:PL-G-RL-R-tTK-hAMSCs (bottom) location respect FITC-labelled microvessel (A).
Histogram representing percentage of red hAMSC associated to FITC-labelled microvessel in the case of
sh-PECAM:PL-G-RL-R-tTK-hAMSCs and aNotch1-PECAM:PL-G-RL-R-tTK-hAMSCs. Bars represent mean *

SEM of percent. * p< 0.05, n=25.
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2.4 Evaluation of the therapeutic effectiveness of hAMSCs with inhibited endothelial

differentiation capacity

Once we had verified that endothelial differentiation capacity of aNotch1-PECAM:PL-
G-RL-R-tTK-hAMSCs was inhibited we proceeded to evaluate their therapeutic

effectiveness in vitro and in vivo.

2.4.1 In vitro determination of bystander cytotoxic effect of human aNotchl

inhibited AMSCs expressing the HSV tTK gene

Human glioma PL-G-U87 cells expressing Photinus Luciferase and GFP were mixed in a
1:5 proportion with either sh-RL-R-tTK-hAMSCs or aNotch1l-RL-R-tTK-hAMSCs,
cultivated during 8 days and treated with prodrug GCV at 4 ug/ml or PBS. To monitor
the effect of GCV on cell number, cocultures were subject to bioluminescence imaging
of PLuc activity following luciferin administration. As is shown in Figure 39, un-treated
mixtures of sh-RL-R-tTK-hAMSCs or aNotch1-RL-R-tTK-hAMSCs plus PL-G-U87 cells
grow well in the absence of GCV. However, GCV treatment had a clear cytotoxic effect

and resulted in a nearly complete abolition of PL-G-U87 cell growth (*P<0,01),

regardless of the accompanying hAMSC type.
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Figure 39 BLI of tumor therapy mediated by aNotch1-expressing hAMSCs in vitro. PL-G-U87 were grown
during the indicated times in combination with sh-RL-R-tTK-hAMSCs or aNotch1-RL-R-tTK-hAMSCs and
treated with GCV (4 pug/ml), as indicated. Number of viable cells was evaluated by BLI, and expressed as
PL-G-U87 PHCs. Dots show mean + SEM, *p<0.01 sh-RL-R-tTK-hAMSCs+GCV treated group vs sh-RL-tTK-
hAMSC control group, Ap<0.01 aNotch1-RL-R-tTK-hAMSCs+GCV treated group vs aNotchl-RL-R-tTK-

hAMSC control group, n=3 for each group.

110



Results

This result indicates that both sh-RL-R-tTK-hAMSCs and aNotch1-RL-R-tTK-hAMSCs are
equivalently effective at converting GCV to its toxic form and at delivering a bystander

effect to U87 cells, independently of their vascular differentiation capacity.

24.2 In vivo tumor Kkilling capacity of tTK expressing hAMSCs requires

differentiation to the endothelial lineage

Next we explored the relation between vascular differentiation of hAMSCs and their
capacity to deliver cytotoxic therapy to U87 tumors. For this purpose we compared the
therapeutic effectiveness of sh-RL-R-tTK-hAMSC and aNotch1-RL-R-tTK-hAMSC in a
model of glioblastoma described previously (see page 92). A group of 12, 6 week old
SCID mice was stereotactically inoculated in the brain with a mixture of 4x10* PL-G-
U87 and either 1.6x10° sh-RL-R-tTK-hAMSCs or the same number of aNotch1-RL-R-tTK-
hAMSCs. An additional control group received 4x10* PL-G-U87 tumor cells only. Light
emission by PL-G-U87 cells was monitored by BLI beginning on the implantation day,
and every week thereafter. Seven days post implantation the treatment with the GCV
prodrug was initiated. Representative BLI results (Figure 40 A) and their quantitative
evaluation (Figure 40 B) based on image captured photons show that growth of U87
tumors with either sh-RL-R-tTK-hAMSC or aNotch1-RL-R-tTK-hAMSC cells was similar
up to the initiation of GCV treatment on day 6 and considerably faster (75 fold) than
that of tumors without hAMSCs. However, by day 14, only 7 days after initiation of
GCV treatment, the number of cells in tumors with sh-RL-R-tTK-hAMSCs had droped
considerably and by day 21 the number of tumor cells had been reduced by 94%
relative to that at day 6. Tumors with aNotch1-RL-R-tTK-hAMSCs responded with only
a 36% drop to GCV treatment, and showed a slight growth reinitiation trend within the
same time period. These results show that the tumor growth promoting capacity of
hAMSCs and their capacity to deliver bystander therapy are based on independent
mechanisms. More importantly these results support the hypothesis that vascular

differentiation of hAMSCs is required for the delivery of bystander therapy.
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Figure 40 BLI of tumor therapy mediated by aNotch1-expressing hAMSCs in vivo. (A) In vivo changes in
light production by U87 tumors expressing PLuc, resulting from GCV treatment and tumor cell death.
Light values, calculated from the recorded images, are represented as logl0 mean = SEM; n=8; * p<
0.05. (B) Composite pseudo-color BLI images from mice implanted with 4x10* PL-G-U87 plus 1.6x105 sh-
RL-R-tTK-hAMSCs or aNotch1-RL-R-tTK-hAMSCs, or only 4x10* PL-G-U87, treated with GCV. Images were

acquired once per week.

To confirm our initial hypothesis we proceeded to the next objective:

VI.  Study the interaction of therapeutic hAMSCs with tumor cells.

2.5 Glioma hAMSC interactions

In an attempt to understand the mechanism by which the sh-RL-R-tTK-hAMSCs + GCV
treatment achieves the observed high degree of therapeutic effect, we studied the
association of therapeutic cells and GSC in tumors. SCID mice 6 week old, were
stereotactically inoculated at the previously indicated coordinates with a mixture of
4x10* PL-G-U87 cells and 1.6x10° sh-RL-R-tTK-hAMSCs or aNotch1-RL-R-tTK-hAMSCs.
One week later mice were sacrificed and brains were harvested, fixed and subject to
fluorescence confocal microscope analysis to detect associations between red
fluorescent hAMSCs and green fluorescent tumor cells also stained with an anti-human
CD133 monoclonal antibody, a frequently used marker of GSCs. Our results showed
frequent GFP expressing tumor cells that positively stained with the GSC marker
(Figure 41 A top), and were also in close association with RFP expressing sh-RL-R-tTK-
hAMSCs (42,6 + 5,5%) (Figure 41 B). Although such associations were also detected in
the tumors inoculated with aNotch1-RL-R-tTK-hAMSCs (Figure 41 A bottom), in the
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latter case they were significantly less frequent (18,68 + 5,53%) p< 0,05 (Figure 41 B).
There was no difference in the total number of GSC and hAMSCs in either case. This
result suggests that the interaction between hAMSCs and tumor stem cells is

dependent on the vascular differentiation capacity of the former.
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Figure 41 Colocalization of hAMSCs and U87 cancer stem cells. (A) Representative laser confocal
microscope images of the corresponding brain tumor slices showing sh-RL-R-tTK-hAMSCs or aNotch1-
RL-R-tTK-hAMSCs expressing RFP (red), PL-G-U87 expressing eGFP (green) also labeled by an anti human
CD133 antibody (gray), Hoechst nuclear stain (blue); Scale bar= 20 um. (B) Histogram representing
percentage of PL-G-U87 GSC associated to hAMSC in the case of sh-RL-R-tTK-hAMSCs and aNotch1-RL-R-

tTK-hAMSCs. Bars represent mean + SEM of percent. * p< 0.05, n=15.
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3 STUDY OF ATRACTION BETWEEN HAMSCS AND GLIOMA CELLS

To further evaluate the potential of hAMSCs for glioblastoma therapy we considered

the following objective:

VIl.  Evaluate the homing capacity of tumor and therapeutic cells.

3.1 BLI determination of homing capacity between tumor and therapeutic cells

To evaluate homing capacity between hAMSCs and U87 cells in vivo, intracranial
xerographs of the human glioma cell line expressing Pluc and eGFP (PL-G-U87) were
inoculated in the previously described brain coordinates in SCID mice. Seven days after
tumor inoculation when xerographs were established, 1.6x10°> hAMSCs expressing Rluc
and RFP (RL-R-tTK-hAMSC) were injected into the opposite brain lobe at the
symmetrical coordinates (0,6 mm posterior, -2 mm lateral and 2,75 mm depth respect
Bregma) (n=4). As a control, a group of tumor-bearing animals received intracranial
injection of PBS, to create a brain injury similar to that of mice implanted with cells
(n=2). Animals were imaged by BLI for expression of both luciferases on day 0 of
hAMSC injection and seven days later. Figure 42 shows representative images of mice
with Rluc expression and Pluc expression of hAMSCs and U87, respectively, at day O
(hAMSCs injection) and 7 days later. Images show RL-R-tTK-hAMSCs clearly in the left
hemisphere and PL-G-U87 in the right side of the brain at day 0. By day 7 light emitted
by PL-G-U87 is still located on the right side of the brain, but also appears to expand to
the left side. Light emitted by RL-R-tTK-hAMSC decreases 7 days post implantation due
to cell death as described previously, but seems to be spreading through the brain
towards the tumor. In control mice injected with PBS in the left hemisphere, the light
signal emmited by PL-G-U87 is fixed at the original location on the right hemisphere.
Since BLI had not enough resolution to precisely detect migration of small populations
of cells, mice were sacrificed and frozen sections of brains were analyzed by confocal

microscopy.
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Figure 42 In vivo imaging of cell migration. Mice were inoculated with PL-G-U87 in the right hemisphere
and one week later with RL-R-hAMSCs (A) or PBS (B) in the symmetric coordinates in the left
hemisphere. Implanted cells were monitored to determine cell position by BLI of Renilla and Photinus
luciferases. Pseudo color images are superimposed on black and white dorsal images of recipient mice.
Color bars illustrate relative light intensities of PLuc (left) and RLuc (right); low: blue and black; high: red

and blue, respectively.

3.2 Confocal microscopy study of tumor and therapeutic cell homing capacity

Brain sections from the previous experiment were immuno stained for expression of
GFP (PL-G-U87) and RFP (RL-R-hAMSCs) to enhance cell signal and analyzed by
confocal microscopy (Figure 43). In mice injected with RL-R-hAMSCs when tumors
were well established, hAMSCs where found mixed with green fluorescent tumor cells,
thus confirming previously described tumor homing capacity of MSCs®91163,
Surprisingly, in the left hemisphere site of RL-R-tTK-hAMSCs implantation, eGFP
expressing U87 cells were also detected, evenly distributed through the hAMSCs cell

mass (Figure 43 A left).

In control mice, that received an injection of PBS instead of hAMSCs in the left
hemisphere, no eGFP expressing U87 were detected at the site of PBS injection, by

either confocal microscopy or by BLI (Figure 43B).
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Figure 43 Distribution of hAMSCs and
tumor cells after contralateral injection.
(A)  Representative laser  confocal
microscope images of the corresponding
brain tumor slices showing PL-G-U87
(green) that migrate to the left
hemisphere and integrate hAMSCs mass
(left). At the right RL-R-hAMSCs locate in
the right hemisphere and surrounding
tumor cell mass. Hoechst nuclear stain
(blue); Scale bar= 20 um, n=4. (B)
Representative laser confocal microscope
images of the corresponding brain tumor
slices showing PL-G-U87 (green) that are
found only in the right hemisphere. No
cells were detected in the left
hemisphere at PBS injection site. Hoechst
nuclear stain (blue); Scale bar= 20 um,

n=2.

To confirm that bilateral attraction happened independently of hAMSCs location the

experiment was repeated injecting hAMSCs in the brain frontal lobe (n=2). Briefly,

4x10* PL-G-U87 were inoculated in standard coordinates in SCID mice in the right

hemisphere. Seven days after tumor inoculation when xerographs were established,

1.6x10° RL-R-tTK-hAMSC were injected into the opposite frontal lobe (1 mm anterior, -
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2 mm lateral and 2,75 mm depth respect Bregma) (n=2). Seven days later mice were
sacrificed, their brains were removed, and frozen sections were analyzed by confocal

microscopy.

Confocal microscopy analysis of mouse brain sections showed that bilateral attraction

between tumoral and therapeutic cells also occurred in the frontal direction (

Figure 44). The right hemisphere shows the presence of red fluorescent RL-R-tTK-
hAMSCs mixed with green fluorescent tumor cells (right), as in the previous
experiment. In the left hemisphere, eGFP expressing U87 were also detected among

hAMSCs cell mass (left).

Figure 44 Frontal cell migration. Left,
Corg g
XS

RL-R-tTK-
hAMSC

representative laser confocal

microscope images of the
corresponding brain tumor slices
showing PL-G-U87 (green) that
migrate to the frontal left
hemisphere and integrate hAMSCs
mass. At the right, RL-R-hAMSCs
locate in the dorsal right hemisphere
and integrate tumor cell mass.
Hoechst nuclear stain (blue); Scale

bar=20 pum, n=2.

To further investigate the role of hAMSCs endothelial differentiation in the attraction
mechanism the homing experiment was repeated. However, this time injecting
hAMSCs impaired for endothelial differentiation in the contralateral lobe of the brain
(n=2). Briefly, 4x10* PL-G-U87 were inoculated in standard coordinates in SCID mice in
the right hemisphere. Seven days after tumor inoculation when xerographs were

established, 1.6x10° aNotch1-RL-R-tTK-hAMSCs were injected into the opposite lobe
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(n=2). Seven days later mice were sacrificed, their brains were removed, and frozen

sections were analyzed by confocal microscopy.

Analysis of mouse brain sections showed the presence of red fluorescent aNotch1-RL-
R-tTK-hAMSCs surrounding green fluorescent tumor cells, in the right hemisphere
(Figure 45 right). However in the left hemisphere, no eGFP expressing U87 could be
detected. Thus, U87 showed no homing towards hAMSC that were impaired for

differentiation to endothelial lineage.

Figure 45 Attraction between

aNotch1-RL-R-tTK-hAMSCs and

Edge of incision in skin

u87. Representative laser

confocal microscope images of

the corresponding brain tumor

aNotchl
RL-R-tTK-
hAMSC

ug7 slices showing no PL-G-U87 in
the left hemisphere (left). At the
right, aNotch1-RL-R-tTK-hAMSCs
locate in the right hemisphere
and integrate tumor cell mass.
Hoechst nuclear stain (blue);

Scale bar=20 um, n=2.

3.2.1 Invitro homing capacity

The homing capacity analysis was also performed in vitro to further study the
mechanism of attraction between therapeutic and tumoral cells. In these experiments,
either aNotch1-RL-R-tTK-hAMSCs or sh-RL-R-tTK-hAMSCs were seeded in one of the
wells of a well pair separated by culture-inserts and PL-G-U87 were seeded in the
opposite well. Following the removal of the insert separating the wells the progression
of cell invasion of the insert generated gap was monitored by contrast microscopy. As

shown on Figure 46, U87 exert a stronger attraction for normal hAMSCs, than for
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hAMSCs impaired for endothelial differentiation; in concordance with results obtained
in vivo. A mutual attraction exists between normal hAMSCs and U87, and 24 hours
after the culture-insert is removed the total invasion of the wound can be observed
(Figure 46 B). Conversely, Notchl inhibited hAMSCs expand slowly and while there also
appear to be cell attraction, 24 hours after beginning the experiment the wound

between wells still remains unfilled (Figure 46 A).
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Figure 46 Sequence of events during in vitro invasion assay. In each image monolayers of hAMSCs (left)
and PL-G-U87 (right) were created as described in methods and materials. A: representative images of
aNotch1-RL-R-tk-hAMSC vs PL-G-U87 invasion. B: representative images of Sh-RL-R-tk-hAMSC vs PL-G-

U87 invasion.
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GBM is a primary brain tumor with high morbidity and mortality and is the first cause
of death from brain tumors. Current treatment protocols for GBM are ineffective due
to its invasiveness, which makes complete surgical removal almost impossible, and to
survival of radiation and chemotherapy resistant cells after therapy. A promising
approach based on the use of cellular vehicles to deliver localized treatment targeting
the primary tumor mass has been proposed >’. Targeted suicide gene strategies, are
based on the activation of a systemically delivered low toxicity prodrug to a cytotoxic
agent in the vicinity of tumors, mediated by the action of a specific activating enzyme

166

expressed by the therapy vehicle ™. The delivery of cytotoxicity in the vicinity of a

tumor has the advantage of avoiding systemic toxicity.

Strong anti-tumor effects have been reported following intracranial administration of
gene modified NSC expressing IL-1266, BMSCs expressing TRAIL'® and others. However
from ethical points of view, and due to ease of isolation and manipulation autologous

hAMSC are more attractive cell vehicles for clinical use.

In the current thesis we demonstrate a procedure to develop a therapeutic strategy
against a human U87 glioblastomas and an effective therapy model in SCID mice. The
procedure is based on the use of hAMSCs genetically modified to express the herpes
Simplex tTK as vehicles to deliver bystander toxicity to tumors. The HSV-TK was used in
the first cell suicide gene therapy proof of principle and still is one of the most widely

used systems in clinical and experimental applications 168,169

. This cytotoxic system has
been applied to the treatment of gliomas with significant increases in survival'’®. tTK is

the truncated version of HSV-TK with 30 fold higher activity than wild type HSV-TK

133,152

To analyze the behavior of tumor and therapeutic cells in vitro and in vivo, we labeled
the former with a CMV promoter regulated Pluc-eGFP chimerical reporter, and the
latter with a different trifunctional chimerical reporter comprising Rluc-RFP and tTK
activities *>. This approach allowed us to monitor the location and number of tumor
and therapeutic cells in live mice during treatment with GCV, and optimize cell and

prodrug treatment.
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We established that both, tTK activity in genetically modified hAMSCs, and
administration of GCV were required for bystander killing of tumor cells co-cultivated

with hAMSCs.

In vivo BLI of predetermined numbers of hAMSC and U87 cells, stereotactically
implanted at a specific site of the mouse brain, allowed us to correlate the number of
photon events recorded by BLI with that of implanted cells, for their quantification

during therapy.

An optimum therapeutic ratio of 4 hAMSCs to 1 U87 cell was empirically determined
by implanting predetermined proportions of both cell types in mouse brains and
administering GCV i.p. after a 6 day period, allowed for tumor establishment. Analysis
of hAMSC behavior during the 6 day pre-treatment period indicated that a large
proportion of the therapeutic cells disappeared, while tumor cells proliferated. This
lead to a 50 fold, reduction in the proportion of therapeutic to tumor cells, that was
1:13 by the time the GCV treatment began. This result not only emphasizes the
effectiveness of hAMSCs as therapeutic vehicles, but also suggests that procedures or
scaffold materials for their protection would likely improve even more the therapeutic
outcome. Thought the scaffold for this aim have to be cautiously selected, since it
should provide an environment that enhances transplanted stem cell survival, and
controls the delivery of therapeutic cells to the tumors, but should not enhance tumor
cell proliferation. Options include some of the biocompatible scaffolds that have been

used in regenerative therapies to support transplanted stem cells**172,

The disappearance of a large proportion of hAMSCs when injected in
immunosupressed mice has been previously observed®®. However, the reduction in
hAMSC number should not be attributed to CMV promoter silencing. In a previous
study by Vilalta et al. *”*, hRAMSCs expressing Pluc regulated by the constitutively active
SV40 promoter also lost between 75-90% of cells within the first 10 days post
inoculation in SCID mice. Moreover, since in our cell differentiation experiment all the
therapeutic cells are initially red fluorescent and become also green fluorescent upon
differentiation to the endothelial lineage, silencing of the CMV promoter should result

in the appearance of green fluorescent cells that show no red fluorescence. Thus CMV
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silencing can be evaluated by determining the proportion of therapeutic cells
expressing GFP (regulated by the inducible PECAM/CD31 promoter) that do not
express RFP (regulated by the CMV promoter) in histological sections of tumors. While
extensive silencing of the CMV promoter would be required to produce the 92 fold
increase in PECAM/CD31-PLuc expression observed in the BLI experiments, our
assessment found less than 10% of GFP positive cells that were not RFP positive. This
result excludes CMV promoter silencing, and points to cell death or diffusion from the
tumor sites as the likely causes for the drop in Rluc activity production following cell

implantation.

The therapeutic effectiveness of hAMSCs was evaluated by comparing their capacity to
inhibit U87 tumor growth by implanting the optimal 4:1 (hAMSC to U87) proportion in
mice brains, and treating with GCV or PBS. Such experiments showed that treatment
with GCV of tumors containing hAMSCs reduced the number of tumor cells by a factor
of 10* relative to tumors without hAMSCs, also treated with GCV, or tumors with
hAMSCs treated with PBS. For the same tumor, by the end of the experiment,
treatment with hAMSCs plus GCV had reduced tumor cell number to 0,12% of that at
T=0. However, in tumors without hAMSCs but also treated with GCV tumor cell

number increased by 319 fold in the same period.

Macroscopic and laser confocal microscope examination of brain slices at the end of
experiments corroborated BLI imaging results. While brains from mice with untreated
mixed-cell tumors had large tumor masses containing green and red fluorescent cells,
no macroscopic tumors and few green fluorescent cells were found in the brains of

mice implanted with tumors plus therapeutic cells and treated with GCV.

In experiments better modeling a clinical situation, we showed that implantation of
therapeutic hAMSCs on preestablished glioblastoma U87 tumors and treatment with
GCV also results in tumor growth inhibition that lasts as long as there were surviving
therapeutic hAMSCs. Moreover, repeated inoculations of therapeutic hAMSCs resulted
in a progressive reduction of tumor size and a significant extension of mice survival,

relative to untreated controls.
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Insight on the therapeutic mechanism mediated by tTK expressing hAMSCs was gained
using a double label strategy that allows monitoring of changes in gene expression on

II’

a “per cell” basis. This was achieved by labeling of the same therapeutic cell that
already expressed Rluc-RFP reporter constitutively, with a different Pluc-eGFP reporter
regulated by the inducible human PECAM promoter. By co-implanting these cells with
unlabelled U87 tumors and monitoring cell behavior by BLI we could observe that
within the first 7 days post implantation, a large proportion of the hAMSCs
disappeared from the tumor site, either by death or dispersion. However, a
subpopulation of the cells that expressed PECAM-promoter regulated luciferase
remained in close association with the tumor site. Moreover, in the tumor associated
cell population, the ratio of PECAM-regulated to CMV-regulated luciferase activity
increased with time reaching by day 7 a value 92 fold higher than that at implantation
time. This results indicated that tumor associated hAMSCs were actively differentiating
to the endothelial lineage. Independent analysis by fluorescence laser confocal
microscopy of tumor slices revealed RFP and eGFP expressing hAMSCs with endothelial
morphology in close association with tumor vascular structures. This latter result was

further corroborated by positive staining of microvessel associated red fluorescent

hAMSCs with an anti human PECAM antibody.

Association of bone marrow derived MSCs with vascular structures in tumors has been

185174 " However, the vascular associated cells were shown to

reported previously
express pericyte specific antigens but not endothelial specific markers. Contrary to this
our results showed that hAMSC expressed PECAM/CD31 that is considered an
endothelial specific marker and did not express perycite SM22 marker. Both findings
are not mutually exclusive, and in the absence of additional data, could be reconciled
by considering that differentiation of mesenchymal stromal cells may depend on their
tissue of origin as well as on the specific tumor environment in which they are
implanted ”°. Our results suggested that GCV induced suicide of hAMSCs not only kills

neighboring tumor cells by bystander effect but also by eliminating the associated

vascular system that supplies oxygen and nutrients to the tumor.
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We further explored the interaction between hAMSCs and U87 glioma in a SCID mouse
model, to understand the basis of hAMSC effectiveness to deliver cytotoxic tumor

therapy and the importance of hAMSCs differentiation to the endothelial lineage.

Deletion of the DII4 receptor or Notchl during embryogenesis results in vascular

V6177 Notchl signaling is required for endothelial cell

anomalies and lethality
differentiation, and inhibition of this pathway in bone marrow derived MSC has been
shown to block their differentiation into functional endothelial cells, and the

. . s 164,17
expression of endothelial-specific markers*®*'’2,

We first showed that, by using aNotchl shRNA to interfere with Notchl signaling, we
were able to abolish the network formation capacity of hAMSCs in an in vitro matrigel
assay, a good indicator of vasculogenic potential”g'lso. Loss of network formation
capacity was accompanied by a significant reduction in the expression of endothelial
markers ILK, SDF1, EGR3, PECAM and Notchl itself, in the same cells, but not of

osteocalcin, an independent bone differentiation marker.

We then used hAMSCs with double bioluminescence reporter systems, one (CD31-
PLuc-eGFP) regulated by the CD31 promoter and the other (CMV-RIuc-RFP) regulated
by CMV promoter, to report on endothelial differentiation and cell number,
respectively. Luciferase tagged cells were also transduced with lentiviral vectors for
the expression of either aNotch shRNA to generate hAMSCs that were impaired to
differentiate to the endothelial lineage. Another group of cells were transduced with

an empty lentiviral vector to generate corresponding control cells.

By monitoring the activity of luciferase reporters in control hAMSCs or aNotch hAMSCs
independently implanted with U87 cells in the brain of SCID mice, we were able to
observe that a large proportion of the hAMSCs implanted with tumors die or
disappear. However, while control hAMSCs that remained associated with the tumor
suffered a pronounced increase in the activity of the CD31 regulated luciferase, this
was not the case when Notch1 signaling was inhibited in aNotch hAMSCs. This result
was further supported by fluorescence confocal microscope analysis of tissue slices

from the same tumors showing that while control hAMSCs associated with tumor
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vascular structures, the vascular association of oaNotch inhibited hAMSCs was

significatively reduced.

These results show that inhibition of Notch1 signaling also precludes differentiation of
hAMSCs to the endothelial lineage in vivo and suggested the analysis of the relation

between endothelial differentiation and therapeutic capacity of hAMSCs.

We showed that in the presence of GCV both control and aNotch shRNA inhibited
hAMSCs are equally effective at killing U87 tumor cells in vitro, demonstrating that
Notchl inhibition does not affect HSV thymidin kinase activity, essential for cytotoxic

bystander effect.

Then, Photinus luciferase expressing U87 tumors (Pluc-U87) were implanted together
with mock transduced hAMSC, aNotch inhibited hAMSCs, or without hAMSCs, and
allowed to grow during 7 days. Following this tumor establishment period, GCV
treatment was initiated and continued during 2 additional weeks. The results from BLI
of tumors clearly showed that both mock-transduced and aNotch inhibited hAMSCS
had an effective tumor growth promoting capacity during the first week without GCV,
in comparison with tumors without hAMSCs. The acceleration of tumor growth in
animals co-injected with MSCs was previously observed®®'. MSCs may support tumor
growth by several mechanisms, such as growth factor production,
immunosuppression, and by collaborating in the generation of a favorable

microenvironment for cancer cells'®.

Although treatment with GCV had a clearly inhibitory effect on tumor growth, this was
significantly more pronounced (96%) in tumors containing mock-transduced hAMSCs,
than in those containing Notch inhibited hAMSCs (36%) p<0,05, clearly showing that
Notch1l signaling is required for an effective delivery of cytotoxicity by hAMSCs. The
residual tumor killing effect of aNotch inhibited hAMSCs is likely the result of a lower

than 100% efficiency on Notch signaling inhibition by aNotch ShRNA.

These results show that hAMSCs exert a powerful tumor promoting effect of
orthotopically implanted U87 tumors, and that such effect is independent of the Notch

signaling pathway. However, the capacity of hAMSCs to deliver bystander therapy to
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the tumors is strongly dependent of Notchl activity suggesting that vasculogenic

differentiation is essential for the delivery of therapy.

Confocal microscopy analysis of tissue slices from control and Notchl inhibited
hAMSCs in U87 tumors that had been perfused in vivo with a high MW fluorescein-
tagged dextran showed that Notchl-expressing control hAMSCs, but not Notch-
inhibited hAMSCs, were found in association with tumor vascular structures and show
endothelial phenotype, adding supplementary clues towards explaining the basis for

the therapeutic effectiveness of these cells.

Recent studies have shown that a subpopulation of tumor cells with stem cell
characteristics (GSCs) including self-renewal capacity is responsible for tumor
initiation, progression and infiltration of adjacent normal parenchyma, and for tumor
recurrences after surgery, radio- or chemo-resistance of gliomas™®®. It has been
described that GSC locate next to capillaries in brain tumors constituting a niche that is

critical for their maintenance®>*,

CD133 is a widely accepted marker for glioma-derived cancer stem cells. In our study,
by using a monoclonal antibody against the CD133 antigen, we were able to observe
frequent (42,6%) association of control Notch1 expressing hAMSCs with CD133+ tumor
cells. However, in the case of Notch inhibited-hAMSCs the frequency of such
associations was significantly lower (18,62%) p<0,05. Differentiation of hAMSCs to
endothelial lineage and association to GSC and vascular structures suggests that when

implanted in the brain these cells migrate to the vascular niche of GSCs.

Tumor tropism of MSCs is of great advantage especially in treatment of high-grade
brain tumors with inherent neovascularization capability and ability to infiltrate deeply

6264 |n this study we corroborate previous evidence that hAMSC migrate

into the brain
toward human gliomas after local contraletral or frontal intracranial injection. This
observation is in accordance with the hypothesis suggesting that, endogenous hMSC

are recruited during the process of tumor stroma formation*®*'%

. Most importantly,
we show, for the first time to our knowledge, that tumor U87 cells also migrate
towards hAMSCs injection site and integrate into the cell mass. The prospect of tumor

cell migration towards an injury site led us to perform a “fake operation”, injecting PBS
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in the left hemisphere to mimic an inflammatory response. However no tumor cells
were detected at the injury site; suggesting that the presence of hAMSC promotes

tumor cell migration.

Glioma cells have a remarkable capacity to infiltrate the brain and migrate long
distances from the tumor. Previous studies have shown that glioma cells extensively
infiltrated the brain by migrating along the abluminal surface of blood vessels*®®¥.
Considering, previously described capacity of hAMSC to differentiate to endothelial
lineage we hypothesized that it was formation of new microvasculature at the hAMSCs
injection site that induced gliomas migratory behavior. Using contralateral injection
experiments we showed that U87 tumor cells did not migrate towards the injection
site of aNotch inhibited hAMSCs. However aNotch inhibited hAMSCs did retain their
tumor homing capacity; proving evidence that bidirectional attraction between tumor
and therapeutic cells occurs by different mechanisms. In vitro migration assays showed
that impairment of Notchl also inhibits attraction between hAMSCs and U87,
supporting the involvement of paracrine mechanisms and suggested a practical assay
for their further study. Previous experiments with hemizygous deletion of Notchl had
shown that mobilization and migration of bone marrow-derived cells may be mediated
by CSF3R and CXCR4'®. Furthermore, glioma cell infiltration in living brain tissue is
directed by interactions with host brain vasculature'® further supporting our
observation that tropism of U87 cells towards hAMSC is motivated by factors released

by hAMSC differentiating to the endothelial lineage.

Our results strongly suggest that hAMSCs interact with glioma tumors through multiple

mechanisms, some of which act at a distance and are likely of paracrine nature.

The therapeutic safety of these cells has been recently demonstrated*'?. Moreover,
the potential to use autologous cells is a further guaranty for their safe application.
Although we have used a single enzymatic system to deliver cytotoxicity, additional
and very promising prodrug converting systems are currently being developed that

may further improve treatment of inoperable gliomas****®,

In future work we will focus on evaluating procedures for therapeutic cell delivery,

including the use of a biomaterial to protect and control the delivery of therapeutic
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cells implanted in tumors. We will also evaluate the relevance of the immune
environment on the therapeutic effectiveness, we will use immune-competent mice
implanted with singeneic glioma tumor model that will be treated with autologous
therapeutic hAMSCs. Finally, we will seek to validate the generality of the therapeutic
procedure using glioma tumors from human biopsies implanted in immunedefficient

mice.
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- A bioluminescence imaging system was developed to monitor behavior of tumor and

therapeutic cells in live animals.

- The system allowed the development of an effective model of glioblastoma therapy
using adipose tissue stromal cells genetically modified to generate a cytotoxic

bystander effect.

- In combination with standard procedures it has been possible to study the interaction

of tumor and hAMSCs mediating the therapeutic mechanism:

» Tumor implanted hAMSCs do not proliferate and most of them die

rapidly.

» hAMSCs surviving tumor implantation tend to differentiate to the

endothelial lineage.
- Endothelial lineage differentiated hAMSCs:

» are capable of delivering a very effective cytotoxic bystander effect to

U87 tumors.
» associate with the tumor vascular system and GSCs.
» are attracted to U87 tumors.
» are capable of attracting U87 tumor cells.

- The cytotoxic capacity of endothelial lineage differentiated hAMSCs results from

their proximity to the tumor vascular system and to GSCs.
- hAMSCs impaired to differentiate to the endothelial lineage:

» have a potent U87 growth promoting capacity; possibly mediated by

paracrine factors, although no evidence is provided.

» do not associate with the tumor vascular system or GSCs.
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» are unable to deliver bystander cytotoxic effect to U87 tumors; possibly
the result of not being able to associate with the tumor vascular system

and GSCs.

» are unable to attract U87 tumor cells; possibly the result of not

producing chemokines for which U87 have receptors.

» are attracted by U87 tumors; likely the result of expressing receptors for

U87 produced chemokines.

- At this point we cannot evaluate whether the therapeutic effect of hAMSCs is exerted
by destruction of the tumor vascular system, the tumor stem cells or both. However,
the surprising therapeutic effectiveness of the few hAMSCs that survive implantation

in tumors suggests that GSCs may be the primary targets.
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Annex

1 RESUMEN DE LA TESIS EN CASTELLANO

INTRODUCCION

Los tumores primarios cerebrales mas comunes, como glioblastomas y astrocitomas
anaplasticos, representan el 2 % de todos los canceres, pero presentan una tasa
desproporcionada de morbilidad y mortalidad. La supervivencia media de un paciente
diagnosticado con un tumor cerebral es de 3 afos, y solo el 2 % de los pacientes
sobrevive hasta los 5 anos. Los protocolos de tratamiento actuales incluyen la
reseccion quirurgica del tumor sélido, evitando el dano neuroldgico. Después de la
cirugia, normalmente se usan la quimioterapia local o sistémica y la radioterapia. Sin
embargo debido al comportamiento infiltrativo de los gliomas y la capacidad de
difusion limitada de los agentes quimioterapéuticos estos pasos no son suficientes

para frenar la proliferacion de las células malignas.

En los ultimos anos se ha sugerido una nueva estrategia basada en la trasmisidn génica
mediante células estromales. Se ha descrito que debido a la capacidad de migracién
hacia los tumores de las células estromales, estas podrian ser usadas para transportar
agentes citotéxicos a la zona tumoral produciendo un potente efecto adyacente. Las
células estromales mesenquimales humanas del tejido adiposo (hAMSCs) presentan
varias ventajas para esta clase de terapia citadas a continuacién: son faciles de obtener
y expandir, forman parte del estroma de diferentes tumores, su capacidad de
migracion hacia tumores ha sido demostrada; las hAMSCs pueden ser modificadas
genéticamente con relativa facilidad, tienen la capacidad de inhibir reacciones
inmunes e inflamatorias y no generan tumores cuando son implantadas durante largos
periodos de tiempo. Por otro lado, también debe considerarse la capacidad de las

hAMSCs para la modulacién del crecimiento del tumor.

Agentes citotoxicos

Las estrategias citotdxicas dirigidas, desarrolladas durante los ultimos 20 afios, se
basan en la conversion de un profarmaco de baja toxicidad, administrado
sistémicamente, en una sustancia citotoxica que se libera en la proximidad del tumor

Esta conversidn es resultado de la accidon de un enzima activador especifico, que se ha
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introducido en las células terapéuticas. La difusidon del agente citotdxico a través del
medio extracelular o directamente a las células contiguas, mediante uniones GAP y/u
otros mecanismos, provoca la muerte de las células vecinas, estimulando el sistema
inmune y produciendo una amplificacion del fendmeno denominado: efecto
adyacente. Se han estudiado y desarrollado diversos pares enzima activadora-

profarmaco, entre ellos la Timidina quinasa del virus Herpes simplex (HSV-TK).
Timidina quinasa del virus herpes simplex

La timidina quinasa codificada por el virus del herpes simplex es responsable de la
conversion de la deoxitimidina en deoxitimidina monofosfato. El enzima tiene
capacidad de fosforilar multiples derivados de nucledsidos. La activacidn del andlogo 9-
([2-hidroxi-1-hidroximetil)epoxi]lmetil) guanina (GCV) por la HSV-TK fue la primera
demostracién de principio de terapia génica suicida y sigue siendo uno de los sistemas
mas ampliamente utilizados en aplicaciones clinicas y experimentales. El efecto
terapéutico se basa en la afinidad 1000 veces superior del enzima virico por el analogo
GCV que la de la timidina kinasa de mamifero. Se produce un efecto citotdxico a través
de la inhibicién de las ADN polimerasas celulares y por la competicién con la
deoxiguanosina trifosfato, resultando en su incorporacién en la cadena de ADN vy la
generacion de rupturas de la cadena y la muerte celular. El GCV es muy difusible,
mientras que su fosfato no lo es y depende principalmente de las uniones GAP vy
vesiculas apoptadticas producidas por las células afectadas para su difusion intercelular.
La HSV-TK se ha utilizado en el tratamiento de gliomas con incrementos significativos

de la supervivencia de los pacientes.
Imagen fotdnica no invasiva

Las luciferasas catalizan la oxidacién de sus sustratos (luciferinas) en presencia,
generalmente, de ATP y oxigeno, generando fotones de luz y oxiluciferina. Los fotones
de luciferasa generados en homogeneizados de tejidos, desprovistos de reacciones
luminiscentes endégenas, se pueden cuantificar facilmente con un luminédmetro.
Propiamente, estos instrumentos tienen una alta sensibilidad, responden linealmente
en un rango de seis 0 mas érdenes de magnitud y estan idealmente adaptados para la

medicion de la actividad de luciferasa in vitro.
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A pesar de la aparente opacidad de los tejidos, la luz se puede utilizar para examinar
las funciones fisiolégicas y las estructuras a varios milimetros de profundidad en
animales vivos. Asi, se pueden generar imagenes de tumores utilizando fotones
generados por células marcadas para la expresion de luciferasas. La luz producida por
estas células ha sido utilizada para monitorizar de forma no invasiva la expresién de
genes en los tejidos de diversos animales vivos. En ratones, la luciferasa se ha utilizado
para reportar la actividad del promotor del virus de la inmunodeficiencia humana y
para estudiar la velocidad de desaparicién de tumores durante el tratamiento con
farmacos. También se ha utilizado una estrategia videométrica-luminométrica
combinada para monitorizar el desarrollo de tumores prostaticos humanos y sus
metastasis en ratones inmunodeprimidos, para seguir células progenitoras
mesenquimales y neuronales. Nuestro grupo ha puesto a punto una estrategia de
marcaje celular con varios tipos de luciferasas que permite seguir simultaneamente
varias poblaciones celulares diferentes o seguir, en una sola poblacién celular, el

comportamiento proliferativo y la diferenciacidon celular.
OBIJETIVOS

El objetivo principal de esta tesis ha sido desarrollar y monitorizar in vivo una terapia
citotoxica en un modelo murino para el tratamiento del glioblastoma multiforme. Para

cumplir con este objetivo, los siguientes objetivos fueron planteados:

Desarrollo de un sistema que permita evaluar el crecimiento tumoral y la eficacia de

la terapia in vivo

I.  Generar células tumorales vy terapéuticas que expresen marcadores
bioluminiscentes y fluorescentes para monitorizar de forma no invasiva la
respuesta de estas células.

II. Desarrollo de un modelo de terapia contra gliomas basado en la implantacién

intracerebral de las células tumorales y terapéuticas en ratones SCID.

153



Annex

Optimizacion del modelo de terapia

lll.  Optimizacion del sistema de imagen bioluminiscente para monitorizar la
respuesta celular de forma no invasiva.

IV.  Optimizacién de la distribucién del agente citotéxico.

Estudio del mecanismo terapéutico

V.  Analisis de la diferenciacién de las células terapéuticas en el microentorno

tumoral.
VI.  Estudio de la interaccidn de las células terapéuticas y tumorales.
VIl.  Evaluacién de la capacidad migratoria de las células tumorales y terapéuticas.
RESULTADOS

Expresion de fotoproteinas por las hAMSC y las U887

Para seguir de forma no invasiva el comportamiento de las células tumorales vy
terapéuticas durante la terapia, las hAMSCs fueron modificadas genéticamente
mediante la transduccién con vectores lentiviricos para la expresidon estable de un
reportero tri-funcional quimérico que incluia la Renilla luciferasa (Rluc), la RFP y la tTK,
para dar lugar a RL-R-tTK-HAMSC o “vehiculos terapéuticos". Las células U87 de
glioblastoma humano también fueron modificadas genéticamente mediante Ia
transduccidon con un vector lentivirico para la expresién estable de un reportero
quimérico con Photynus pyralis (Pluc) y la eGFP, dando lugar a células tumorales "PL-G-
U87". Esta estrategia permiti® un seguimiento independiente de las células
terapéuticas y tumorales debido al uso de sustratos de luciferasa que no tenian
actividad cruzada, coelenterazina y luciferina, respectivamente. Ademas, la inclusidon
de dos reporteros fluorescentes diferentes, permite la seleccién de las células
marcadas por FACS, y la deteccidon de las células terapéuticas y tumorales en secciones
de tejido por microscopia confocal de fluorescencia. La transduccidn lentiviral no
cambid el tiempo de duplicacién ni el immunofenotipo de las RL-R-tTK-hAMSCS, como

ha sido determinado por citometria de flujo y andlisis de marcadores de las hAMSC.
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Muerte de las células de glioblastoma PL-G-U87 mediada por RL-R-TTK-HAMSC in

vitro

Para demostrar que el gen tTK era funcional en los vehiculos terapéuticos
genéticamente modificados, se sembraron triplicados de PL-G-U87, hAMSCs y RL-R-
tTK-hAMSCS en placas de cultivo y fueron tratados con ganciclovir (GCV) o PBS y la
supervivencia de las células fue evaluada usando el CellTiter 96 Aqueous One Solution
Cell Proliferation Assay. El tratamiento con GCV no tenia ningun efecto sobre la
supervivencia de las PL-G-U87 solas o sobre las hAMSCs que carecian del gen tTK.
Ademads, en ausencia de GCV el patron de crecimiento de las hAMSCs era similar
independientemente de si expresaban o no el gen tTK, indicando que el gen tTK no
tenia ningln efecto negativo sobre la proliferacién de las células. Sin embargo, como
era de esperar, el tratamiento con GCV realmente ejercié un efecto citotéxico fuerte

sobre las RL-R-tTK-hAMSCS, proporcional a la concentracién de GCV.

En un experimento diferente quisimos evaluar el efecto adyacente, para ello se
sembraron cocultivos de células terapéuticos y tumorales que expresan luciferasas en
diferentes proporciones (1:20, 2:20, 4:20) RL-R-tTK-hAMSC:PL-G-U87 y se trataron con
GCV (4 pg/ml) o PBS. En estos experimentos, donde el tumor y células terapéuticas
expresan reporteros de luciferasa, la supervivencia de las células PL-G-U87 fue

evaluada por bioluminiscencia (BLI).

350% Figura 1. RL-R-TK-AMSC muestran un efecto
Ratios

= 300% RL-RATK adyacente citotoxico sobre PL-G-U87. Los
< hAMSC /
g 260% PL--ue7 cocultivos de RL-R-tTK-hAMSC:PL-G-U87 en
& 200% ©1:20 PBS
% |1:20 GGV las proporciones 1:20; 2:20; 4:20 se trataron
5 150% 82:20 PBS o
S 100% 82:20 GGV con GCV o PBS. La viabilidad de las PL-G-U87
¢ @4:20 PBS ) .
& 5oy m4:20 GGV estd afectada de forma proporcional a la

0% cantidad de RL-R-tTK-hAMSC. Los datos se

muestran como mediat SEM.

Como se muestra en la Fig 1, la viabilidad de las células PL-G-U87 en presencia de GCV
era inversamente proporcional a la proporcién de células terapéuticas respecto a
tumorales (88%, 93%, 94% de muerte celular para 1:20, 2:20, 4:20 RL-R-tTK-hAMSC:PL-

G-U87), pero no fue afectada por el tratamiento con PBS (*p <0,05; ** p> 0,01).
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Sensibilidad de deteccion de PL-G-U87 y RL-R-TK-AMSC in vivo

En animales vivos el hueso del craneo y el tejido cerebral reducen la eficacia con la cual
los fotones de luz alcanzan el detector de la camara de video usada para BLI. Para
establecer una correlacién entre medidas de luz y el nimero de células, un nimero
predeterminado de PL-G-U87 y RL-R-TK-AMSC fue implantado en el cerebro de ratones
vivos en coordenadas especificas (0,6 mm posterior, 2 mm lateral y 2,75 mm de
profundidad respeto a Bregma). Inmediatamente después de la implantacién se
tomaron imagenes por BLI, después de la administracion del sustrato de luciferasa
correspondiente, luciferina o coelenterazina. El nimero de fotones registrados (PHCs)
fue extraido de las imagenes registradas y representado, después de la substraccién de
fondo, respecto al numero de células inoculadas. La sensibilidad de deteccidn (la curva
de correlacién) era similar para ambos tipos celulares y también habia una buena
correlacién lineal entre la cantidad de luz producida y el nimero de células
implantadas, 34,2 PHCs /célula, R2 = 0,994 y 20,64 PHCs /célula, R2 = 0,974 para PL-G-
U87 y RL-R-TK-AMSC, respectivamente.

Dosis optima de RL-R-TK-AMSC para un efecto adyacente eficiente

Mezclas de poblaciones celulares que comprendian células PL-G-U87 (4x10%) con
diferentes proporciones de RL-R-TK-AMSC (1:1, 1:2, 1:4) respectivamente fueron
usadas para generar tumores cerebrales mediante la inyeccién en el cerebro de
ratones SCID, en las coordenadas indicadas previamente (n=15). Dos grupos control
(n=10), también fueron incluidos: en uno de ellos solo se inyecté 4x10* PL-G-U87; y en
el otro se inyectd el mismo numero de células PL-G-U87 en una proporcion 1:1 con RL-
R-TK-AMSC. Seis dias después de la implantacién, y durante un periodo de un 35 dia,
los ratones inoculados fueron tratados diariamente por inyeccidén intraperitoneal (ip)
de GCV o PBS. La emision de luz por la luciferasa Pluc fue evaluada por BLI desde el
primer dia de tratamiento con GCV (T=0) y cada semana a partir de entonces. El
andlisis cuantitativo de los fotones detectados en las imagenes mostro (Fig 2) que el
tratamiento con GCV de tumores que llevan células terapéuticas inhibe el crecimiento

del tumor.
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Figura 2. Optimizacién in vivo de la proporcion de PL-G-U87 tumorales respecto a RL-R-TK-AMSC
terapéuticas para un efecto adyacente eficaz. (a) Cambio de la produccién de luz in vivo por las células
tumorales que expresan Pluc como resultado del tratamiento con GCV. (b) Valores de PHC al final del
experimento (T=35) fueron normalizados en relacion con aquellos en T=0 segun la formula [(T5/T0) x
100 = variacién de tumor (el %)]. Los datos se muestran como mediazSEM, *P <0.05, comparados al

grupo 1:0+GCV , n=5 para cada grupo.

Se detectd una inhibicion del crecimiento del tumor desde el inicio del tratamiento
Ademas, el efecto terapéutico estaba directamente correlacionado con la proporcidn
de células terapéuticas, siendo 1:4 la dosis mas eficaz (Fig 2b). En este grupo de
ratones, hacia el final del experimento (T=35) la cantidad de luz producida por los
tumores era 10" veces mas baja que la producida por el grupo control (PL-G-U87 sélo)
(p <0,05), y soélo el 3 % de luz producida por la células de tumor detectadas a T=0

permanecié en el sitio de inoculacién.

Terapia contra el glioblastoma mediada in vivo por el efecto adyacente de las RL-R-

TK-AMSC

A un grupo de 24 ratones SCID ratones de 6 semanas se les inoculd
estéreotacticamente en las coordenadas antes indicadas con una mezcla de 4x10* PL-
G-U87y 1.6x10° RL-R-tTK-hAMSCs (n=16) o solo con 4x10* PL-G-U87 (n=8). Se inicié un
régimen de tratamiento con GCV y se siguid la evolucidn celular mediante BLI como

estd descrito en el diagrama de la Fig 3A. La mitad de los ratones implantados con PL-
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G-U87 vy células RL-R-tTK-hAMSCs recibié GCV, mientras la otra mitad recibié el mismo

volumen de PBS. Los ratones implantados sélo con PL-G-U87 también recibieron GCV.

Como esta indicado en la Fig 3B, que muestra imagenes representativas tomadas por
BLI de animales de cada uno de los grupos experimentales, el tratamiento con PBS de
tumores mezclados con células terapéuticas, o de los tumores control (sin células
terapéuticas) con GCV, no tuvo ningun efecto inhibitorio sobre el crecimiento de
tumor, y la produccién de luz por las PL-G-U87 se fue incrementando hasta el final del
experimento. Sin embargo, el tratamiento de los tumores mezclados con RL-R-tTK-
hAMSCs con GCV produjo la reduccién progresiva de luz producida por PL-G-U87
hasta el final del experimento, cuando la luz de PL-G-U87 alcanzdé el nivel del ruido de
fondo. La Fig 3C muestra la evolucion cuantitativa del efecto terapéutico mediante la
sustraccion de PHCs totales de luz registrados en las imagenes del tumor en el area del
tumor respecto al tiempo. Este andlisis muestra como la cantidad de luz producida por
los tumores que contienen células terapéuticas y que fueron tratadas con GCV era 10*
veces mas bajo que el producido por los tumores control tratados con GCV o por
tumores con células terapéuticas tratados con PBS al final del experimento (p <0,05).
Ademas, la luz producida por los tumores tratados con células terapéuticas y GCV era
sélo el 0,12 % de la cantidad de luz producida por los mismos tumores a T=0 (6 dias
después de la implantacidn celular). El andlisis mediante microscopia de fluorescencia
confocal también corrobord los resultados obtenidos por BLl. A T=0 antes del
comienzo del tratamiento, los cortes de cerebro de ratéon mostraron la presencia de
RL-R-tTK-hAMSCs con fluorescencia roja uniformemente distribuidas en todo el sitio de
implantacion junto a células de tumor con fluorescencia verde. En los tumores
desarrollados (a T = 49) del grupo control 1:4+PBS, las RL-R-tTK-tAMSCS rojas también
se encontraban agrupadas dentro de la masa tumoral verde. Sin embargo, en los
cortes de cerebro de ratones del grupo 1:4 + GCV tenian pocas células tumorales

perceptibles y ninguna RL-R-tTK-hAMSC pudo ser detectada.

Este experimento se repitid implantando primero las células tumorales y luego varias
dosis de células terapéuticas a 6 dias (cuando el tumor ya estaba establecido), 30 dias

y 60 dias después. Se obtuvieron resultados similares de inhibicién de crecimiento
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tumoral y ademas se vio una prolongacién de la supervivencia en los ratones del grupo

tratado.
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Figura 3. Terapia tumoral in vivo mediada por hAMSC. (A) Diagrama del procedimiento experimental.
(B) Pseudoimagenes en color de ratones implantados con PL-G-U87 y RL-R-TK-AMSCS vy tratados con
GCV (1:4+GCV); PL-G-U87 y RL-R-TK-AMSC y tratados con PBS (1:4 +PBS), y con PL-G-U87 sdlo y
tratados con GCV (1:0+GCV). Las imagenes fueron adquiridas una vez por semana. (C) Cambios de la
produccidn de luz de los tumores U87 que expresan Pluc in vivo como resultado del tratamiento con
GCV y la muerte de las células tumorales. Los valores de luz, obtenidos de las imagenes tomadas, son
representados como logl0 de la media + SEM; n=8; * p <0.05, respecto 1:0+GCV. (D) Pseudoimagenes
representativas de RL-R-TK-AMSC y PL-G-U87 al dia de implantacion, T =-6 (1,3) y al inicio del
tratamiento con GCV, T = 0 (2,4). Las imagenes de luciferasa estan sobrepuestas sobre las imagenes en
blanco y negro del mismo ratdn. Los valores numéricos indican el nimero celular extrapolado de la

curva estandar obtenida en la Fig 2.

Se tomaron imagenes de las RL-R-TK-AMSC en el dia de implantacion (T =-6) y 6 dias

mas tarde (T = 0), justo antes de empezar el tratamiento con GCV (Fig 3D). El nimero
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de PHCs en T = 0, a dia 6 tras la implantacién, correspondia a 1,5x10* RL-R-TK-AMSCs.
Sin embargo, debido a la proliferacion de células tumorales, a T = 0 la cantidad de luz
producida por los tumores PL-G-U87 de los grupos 1:4 GCV y 1:4 PBS correspondia a
aproximadamente 2x10° células. Por consiguiente, al inicio del tratamiento con GCV
habia una proporcion 13 veces mayor de células tumorales respecto a células

terapéuticas.
Estudio de las células terapéuticas RL-R-tTK-hAMSCs implantadas junto al tumor

Para entender el mecanismo por el cual el tratamiento RL-R-tTK-hAMSCs + GCV
alcanza el alto grado de efecto terapéutico observado, analizamos la diferenciacién de
las células terapéuticas. Con este fin, las RL-R-tTK-hAMSCs seleccionadas por FACS se
marcaron con un segundo vector reportero Pluc-eGFP bajo control transcriptional del
promotor PECAM/CD31. Este segundo vector nos sirve como reportero de la
diferenciacién al linaje endotelial mediante el analisis de su expresion y utilizando la
expresidon constitutiva del vector RL-R-TK como control interno, eliminando asi los

artefactos potenciales relacionados con cambios en el nUmero de hAMSCs.

HAMSCs doblemente marcadas mezcladas con U87 sin marcar se implantaron en la
posicion estandar en el cerebro. El analisis por BLI de |la expresion Pluc y Rluc a los dias
0 y 7 postimplantacion mostré (Fig 4A) que mientras la mayor parte de hAMSCs
implantadas desaparece del tumor durante los 7 dias, las células que expresan Pluc

regulado por el promotor PECAM permanecen asociadas al tumor.

Ademas, la proporcién de la actividad Pluc regulada por PECAM/CD31 respecto a la
actividad Rluc expresada constitutivamente aumentdé 92 veces, indicando que una
subpoblacion de hAMSCs implantadas se habia diferenciado al linaje endotelial y habia
permanecido en el sitio del tumor (Fig 4B). Ademas, el andlisis mediante microscopia
confocal de los cortes de tumores mostrd la presencia de células terapéuticas que
expresaban RFP y que mostraban marcaje positivo con un anticuerpo PECAM/CD31
antihumano y se encontraban asociadas a estructuras vasculares funcionales marcadas

con FITC-dextrano (Fig 4C).
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Figura 4. Diferenciacion endotelial de las hAMSCs en los tumores U87. (A) Imagenes representativas de
BLI mostrando las actividades Rluc (izquierda) y Pluc (derecha) a T=0(1y 2)y T =7 (3 vy 4),
respectivamente. Pseudoimagenes en color sobrepuestas sobre las imagenes en blanco y negro en
posicidon dorsal de los ratones. Las barras de color ilustran las intensidades relativas de luz de Pluc
(izquierda) y Rluc (derecha); bajo: azul y negro; alto: rojo y azul, respectivamente. (B) Histogramas
mostrando el cambio de la proporcion de actividades Pluc/Rluc durante el periodo de tiempo indicado.
Las barras representan mediazSEM de fotdnes registrados en imagenes de BLI. * P <0.05, n=4. (C)
Imagenes representativas mediante microscopia confocal de cortes de tumor mostrando hAMSCs bajo
el control del promotor CMV (rojo) asociados a la microvasculatura marcada con FITC (verde), y

marcadas con el anticuerpo contra la proteina PECAM humana (gris), la escala = 25 um.

Silenciamiento de Notchl1 para inhibir la diferenciacion al linaje endotelial in vitro e

in vivo

La sefalizacion Notchl estd implicada en varias funciones celulares como la
diferenciacién endotelial. Estudios anteriores mostraron que la inhibicién de la via
Notchl, una y-secretasa, suprime la diferenciacion de MSC de médula dsea. Para
determinar si la diferenciacion de las hAMSCs a linaje endotelial y la formacién de la
microvasculatura aumenta el efecto terapéutico, inhibimos la diferenciacidén endotelial
de RL-R-tTK-hAMSCS y PECAM:PL-G-RL-R-tTK-hAMSCs mediante la incorporacién
estable de shRNA de a-Notch1, dando lugar a aNotch1- RL-R-tTK-hAMSCs y aNotch1-

PECAM:PL-G-RL-R-tTK-hAMSCs, respectivamente. Un vector vacio con puromicina fue
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usado como control para examinar el efecto de la transfeccidn sobre la expresién

génica, dando lugar a sh-RL-R-tTK-hAMSCs y sh-PECAM:PL-G-RL-R-tTK-hAMSCs.

La capacidad de diferenciacion a linaje endotelial de las aNotch1-PECAM:PL-G-RL-R-
tTK-hAMSCs fue evaluada in vitro e in vivo mediante un ensayo de formacién de tubo
en Matrigel. aNotch1-PECAM:PL-G-RL-R-tTK-hAMSCs carecen de la capacidad de
formacidn de tubo, respeto a sh-PECAM:PL-G-RL-R-tTK-hAMSCs normales.

Ademss, el efecto de la inhibicién de la diferenciacion endotelial de las hAMSCs se
comprobd in vivo. aNotch1-PECAM:PL-G-RL-R-tTK-hAMSCs y sh-PECAM:PL-G-RL-R-tTK-
hAMSCs fueron implantadas en el cerebro de ratones SCID en combinacion con U87 sin
marcar. 7 dias tras la implantacién la proporcién de la actividad Pluc regulada por
PECAM/CD31 respecto a la actividad Rluc expresada constitutivamente aumentd 57
veces en sh-PECAM:PL-G-RL-R-tTK-hAMSCs, indicando que una subpoblacién de
hAMSCs implantada se habia diferenciado al linaje endotelial (Fig 5A). Sin embargo en
ratones implantados con oaNotchl-PECAM:PL-G-RL-R-tTK-hAMSCs, la proporcién
Pluc/Rluc aumentd sdélo 4 veces en el mismo tiempo. La falta de expresién Pluc en las
aNotch1-PECAM:PL-G-RL-R-tTK-hAMSCs implantadas indica que la inhibicién del mRNA

Notch1l inhabilita la diferenciacion endotelial de hAMSCs in vivo.

Finalmente se evalud el efecto terapéutico de las RL-R-tTK-hAMSCs que expresan
aNotchl. Un grupo de 12 de ratones SCID de 6 semanas fueron inoculados
estereotacticamente en las coordenadas antes indicadas con una mezcla de 4x10* PL-
G-U87 vy 1.6x10° sh-RL-R-tTK-hAMSCs o aNotch1-RL-R-tTK-hAMSCs. La emisién de luz
por la luciferasa Pluc fue evaluada a partir del dia de implantacién y cada semana a
partir de entonces. Seis dias tras la implantacidn se inicié un tratamiento con GCV. El
analisis cuantitativo de fotones capturados en las imagenes mostré (Fig 5B) que el
tratamiento con GCV de los tumores que llevaban sh-RL-R-tTK-hAMSCs y aNotch1-RL-

R-tTK-hAMSCs inhibid el crecimiento tumoral de manera diferencial.
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Figura 5. Inhibicion de la diferenciacion de las
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fue aun mas clara a dia 21, cuando solo el 6,3 % de la luz producida por las células
tumorales al principio del tratamiento con GCV persistid en el sitio de inoculacion en el
caso de tumores tratados con sh-RL-R-tTK-hAMSCs, respecto al 64,4 % en el caso de los

tumores inoculados con aNotch1-RL-R-tTK-hAMSCs.

Adicionalmente, se ha realizado una tinciéon contra CD133 (un marcador de células
madre de glioma (GSC)) en cerebros de ratéon U87 inyectados con sh-RL-R-tTK-hAMSCs
o oNotch1-RL-R-tTK-hAMSCs. Se ha detectado que la asociacién de sh-RL-R-tTK-
hAMSCs normales con GSC era significativamente mas frecuente que en el caso de

hAMSC inhibidas para la diferenciacion a linaje endotelial.
Atraccion bilateral entre hAMSCs y U87

Para evaluar la capacidad de atraccidon entre las hAMSC y las U87 in vivo, se inocularon
primero U87 que expresaban Pluc y eGFP en las coordenadas previamente descritas en
el 16bulo derecho de ratones SCID. Siete dias mas tarde se implantaron hAMSC que
expresaban RLuc y RFP en las coordenadas simétricas en el I6bulo izquierdo. Tras otros
siete dias los ratones se sacrificaron y los cortes de cerebros fueron analizados
mediante microscopia confocal. Se observo una atraccion bilateral entre las hAMSC y
las U87 que se localizaban en ambos hemisferios cerebrales. Mediante experimentos

adicionales se rechazd la posibilidad de migracién inespecifica debido a la herida
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causada por la operacién. Finalmente, se comprobd que al implantar aNotch1-RL-R-
tTK-hAMSCs, estas no son capaces de atraer U87 al sitio de implantacién. Sin embargo,
las aNotch1-RL-R-tTK-hAMSCs si se localizan alrededor del tumor U87 en el hemisferio

derecho.

DISCUSION Y CONCLUSIONES

En este estudio, describimos un modelo para la terapia contra el glioma que permite a
un seguimiento no invasivo mediante bioluminiscencia del tumor y de las células
terapéuticas. Mostramos que las hAMSCs de tejido adiposo modificadas
genéticamente reducen considerablemente la proliferacidn del glioma primario in vivo.
Recientemente, se ha aplicado una estrategia antitumoral basada en el uso de
vehiculos celulares para llevar genes y agentes terapéuticos a tumores. Aunque
muchos estudios se han realizado usando células madre de diferentes origenes como
vehiculos celulares hay pocos que hayan monitorizado in vivo la eficacia de dicha

terapia.

En este estudio mostramos que tanto in vitro como in vivo el efecto adyacente de la
timidina quinasa expresada por hAMSCs es directamente proporcional a la cantidad de
células implantadas. Determinamos que la dosis dptima de hAMSCs para una terapia
eficaz es 4 veces mas que de células tumorales. Mostramos una reduccién de luz de
tumor del 0,12 % en el dia 49 respecto al dia 0 para la dosis mas alta de hAMSCs. Sin
embargo considerando que las células mueren cuando son inyectadas en el cerebro, la
cantidad de hAMSCs que persiste en el momento del inicio de tratamiento es 13 veces
menor que la cantidad de células tumorales. Por lo tanto, este modelo de terapia es
conveniente para usos clinicos, ya que un numero reducido de hAMSCs seria
suficiente. Sin embargo una de las incégnitas que quedan por resolver es como se
produce esta inhibicion del crecimiento. Una explicacion posible podria ser el
fendmeno llamado '"efecto adyacente", que consiste en la transferencia en
metabolitos toxicos de las hAMSCs que expresan la HSV-TK a las células tumorales que
las rodean. La transferencia de metabolitos téxicos es mediada por comunicacién

intercelular mediada por uniones GAP (GJIC). Sin embargo deben haber otros
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mecanismos a parte de las GJIC, ya que ha sido descrito que las hAMSCs promueven la
proliferaciéon tumoral y mejoran el entorno tumoral. La capacidad de diferenciacion a
endotelio de las hAMSC, nos llevd a evaluar si este aumento tumoral es debido a la
formacion de vasos por las hAMSCs. Nuestros experimentos de BLI mostraron que una
poblacién hAMSCs permanece asociada al tumor. La proporcion de la actividad Pluc
regulada por PECAM/CD31 respecto a la actividad Rluc expresada constitutivamente
aumentd alcanzando a dia 7 un valor 92 veces mas alto que al dia de implantacién.
Esto fue corroborado por los resultados obtenidos mediante microscopia confocal que
no sélo indicaron que las hAMSCs asociadas al tumor se diferenciaban activamente al
linaje endotelial, sino que también se encontraban estrechamente asociadas a
estructuras vasculares marcadas con FITC-dextrano. La localizacién de las hAMSCs en
estructuras vasculares intensificaria su funcién citotdxica, destruyendo la vasculatura

tumoral e inhibiendo el suministro de nutrientes y oxigeno a las células tumorales.

La terapia antitumoral con hAMSCs genéticamente modificados para la expresién de
HSV-tk, ejerce una inhibicion potente sobre el crecimiento del glioma. Repetidas
inoculaciones de células terapéuticas limitaron el crecimiento tumoral y prolongaron la

supervivencia en ratones.

Se inhibié la diferenciacién endotelial de las hAMSCs mediante la incorporacion
estable de shRNA aNotchl y evaluamos la capacidad terapéutica de estas células. La
inhibicién de crecimiento de tumor fue menor en el caso de las aNotchl hAMSCs
respeto a las hAMSCs normales, indicando que la diferenciaciéon de las hAMSC al linaje
endotelial y la incorporaciéon a la vasculatura tumoral es esencial para un efecto

terapéutico eficiente.

Finalmente se mostrd que existe una atraccion bilateral entre las U87 y las hAMSC, que

se da por mecanismos paracrinos diferentes para cada tipo celular.
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e Cytoreduction: is the surgical removal of part of a malignant tumor which
cannot be completely excised, so as to enhance the effectiveness of radiation
or chemotherapy.

e Hydrocephalus: is a medical condition in which there is an abnormal
accumulation of cerebrospinal fluid in the ventricles, or cavities, of the brain.

e Low-penetrance genes: these genes only sometimes produce the symptom or
trait with which it has been associated at a detectable level. In cases of low
penetrance, it is difficult to distinguish environmental from genetic factors.

e EGR3: early growth factor

This gene encodes a transcriptional regulator that belongs to the EGR family of C2H2-
type zinc-finger proteins. It is an immediate-early growth response gene which is
induced by mitogenic stimulation and may play a role in a wide variety of processes
including muscle development, lymphocyte development, endothelial cell growth and

migration, and neuronal development.
e (CD31: platelet/endothelial cell adhesion molecule 1

The protein encoded by this gene is found on the surface of platelets, monocytes,
neutrophils, and some types of T-cells, forms a large portion of endothelial cell
intercellular junctions and is involved in migration, angiogenesis, and integrin

activation.
e |LK: integrin-linked kinase

The protein encoded by this gene is a phosphoinositide 3-kinase-dependent
serine/threonine kinase, that plays a critical structural role in the formation of integrin
adhesion complexes and is an important regulator of endothelial cell function and

survival.

e SDF-1 (stromal cell-derived factor-1) or CXCL12 (chemokine (C-X-C motif) ligand
12)
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This gene encodes a stromal cell-derived alpha chemokine member of the integrine
family that plays an important role in angiogenesis by recruiting endothelial progenitor

cells from the bone marrow through a CXCR4 dependent mechanism.
e VEGFA1: vascular endothelial growth factor A

This gene is a member of the PDGF/VEGF growth factor family that encodes a
glycosylated mitogen that specifically acts on endothelial cells and has various effects,
such as mediating increased vascular permeability, inducing angiogenesis,
vasculogenesis and endothelial cell growth, promoting cell migration, and inhibiting

apoptosis.
e Notchl

This gene encodes a type 1 member of the Notch family that plays a role in a variety of
developmental processes by controlling cell fate decisions and is involved in
vascular/endothelial differentiation. The Notch signaling network is an evolutionarily
conserved intercellular signaling pathway that regulates interactions between
physically adjacent cells. Previous studies showed that inhibition of Notch signaling by

a y-secretase inhibitor abolishes endothelial differentiation of BMSCs.
e Osteocalcin BGLAP: bone gamma-carboxyglutamate (gla) protein

This gene encodes a highly conserved protein associated with mineralized bone matrix
that is secreted by calcified tissues and is regulated by vitamin D3. Osteocalcin is
secreted only by osteoblasts and is implicated in the body's metabolic regulation, bone

mineralization and calcium ion homeostasis.
e GAPDH:. glyceraldehyde-3-phosphate dehydrogenase

The product of this gene catalyzes the reversible oxidative phosphorylation of
glyceraldehyde-3-phosphate in the presence of inorganic phosphate and nicotinamide
adenine dinucleotide (NAD). GAPDH gene is often stably and constitutively expressed
at high levels in most tissues and cells and is considered a housekeeping gene. For this
reason, GAPDH is commonly used by biological researchers as a loading control for

western blot and as a control for RT-PCR.
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e (CD133: prominin 1

This gene encodes a pentaspan transmembrane glycoprotein that localizes to
membrane protrusions and is often expressed on adult stem cells, where it is thought
to function in maintaining stem cell properties by suppressing differentiation.
Expression of this gene is also associated with several types of cancer. Recent studies
in brain tumors have identified a CD133+ cell population thought to be a cancer stem
cell population that undergoes self-renewal and differentiation, and can induce tumors

when injected into immune-compromised mice.
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BCErAa XOpoLwo NoToMy YTO Mbl Tam NpoBesn ¢ Toboi camoe cyacTanMBoe AeTcTBo. bonblioe
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