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1.1 Glioblastoma

This thesis aims at finding new therapeutic strategies to treat the most malignant form
of primary brain cancer, glioblastoma. The incidence of this tumor is about 4 in 100.000
annually.! Glioblastoma is the most frequent and malignant form of glioma! and origi-
nates from the supportive glial cells either astrocytes or oligodendrocytes. According to
the World Health Organization glioblastoma is defined as a WHO grade IV glioma. Glio-
blastoma has a poor median survival of 14.6 months.? Patients with glioblastoma exhibit
symptoms primarily caused by increased intracranial pressure or the mechanical pres-
sure and infiltration of functional nervous tissue. The location and the size of the tumor
determine additional symptoms, which may vary from general symptoms such as head-
ache, nausea and vomiting or neurological deficits due to dysfunctional brain structures,
such as aphasia, abnormal sensations and paretic limbs. The treatment options for these
patients are always limited and consist of surgical resection followed by chemoradiation
which is administration of the alkylating agent temozolomide during radiation treatment.
Before and/or after surgery, symptoms due to the intracranial swelling are reduced by
administration of dexamethasone.

1.2 Current treatment

The current paradigm for development of new treatments in medicine emphasizes the
need for large randomized controlled trials, preferably in blinded and multicenter set-
tings, which provide evidence that dictates decision making for doctors in clinical prac-
tice.® Placebo controlled trials are unethical in patients with malignancies, therefore tri-
als in cancer patients include the standard of care as comparative treatment. Before the
introduction of the treatment with temozolomide as an adjuvant to radiation,* radiation
alone after surgery was the standard adjuvant treatment with reported median survival
around twelve months.® The current therapy for glioblastoma is the result of a large study
cohort including over 500 patients treated in two arms, one consisting of surgery and
radiation, the other of surgery, radiation and temozolomide, performed by the European
Organization for Research and Treatment of Cancer (EORTC) and the National Cancer
Institute of Canada Clinical Trials Group.?® This study confirmed the longer survival in
patients treated with temozolomide as an adjuvant to surgery and radiotherapy, with a
better prognosis in patients with a complete surgical resection in comparison to partial
resection or biopsy only.2® However, the combination treatment regimen still results in a
poor overall median survival rate of 14.6 months.? Recurrent glioblastoma is treated with
either another course of temozolomide, radiation or second line chemotherapy. Patients
with recurrent tumors enter clinical trials in which cytostatic and targeted drugs are
tested, such as bevacuzimab, carmustine and lomustine. Up till now, all have had limited
effects.>®

Importantly, the aforementioned EORTC study identified an important predictor of
response to adjuvant temozolomide therapy, namely the methylation status of the pro-
moter for the 0-6-methylguanine-DNA methyltransferase (MGMT) gene.?S It was shown
that the methylation status of the promoter in a specific tumor is a predictor of therapeutic
response.’® The identification of this biomarker is an important step forward in the treat-
ment of glioblastoma. For example, patients harboring a glioblastoma having an unmeth-
ylated MGMT promoter gene in which temozolomide is rather ineffective are nowadays
selected for clinical trials.*® These patients can be included in other trials to test novel
drugs. Another important biomarker in glioblastoma is the isocitrate dehydrogenase-1
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(IDH1) mutation, which is strongly related to prognosis and to a distinct molecular pro-
file." The identification of relevant biomarkers opens up new possibilities for patient first
of tailored treatment options.

1.3 Precision medicine

The identification of the MGMT promoter methylation status as a predictor of response is
an important step toward a personalized approach in therapy in glioblastoma. Developing
biomarkers that predict outcome of treatment is now becoming a major focus of research
in the field. The National Institutes of Health (NIH, USA) refers to it as precision medicine
which is defined as:

“Precisionmedicineisanemergingapproachfordiseasetreatmentandpreventionthattakes
into account individual variability in genes, environment and lifestyle for each person.”s

This approach takes the molecular characteristics of the tumor of the patient into account
as a determinant of outcome in medical practice. Identifying prognostic factors allows us
to treat patients more effectively, e.g. treating with effective drugs, at the best time, in the
right sequence while minimalizing side effects. Improving diagnostic techniques on the
molecular level goes in parallel with this development, since precision medicine is very
much based on the knowledge gained from research on genetic alterations, gene expres-
sion profiling, proteomics and epigenetics.

14 Heterogeneity

Glioblastoma is a very heterogeneous tumor.® Various molecular subgroups can be found
in glioblastoma including the segmentation by MGMT promoter status, IDH mutation sta-
tus, tumor protein 53 (TP53) status, phosphatase and tensin homolog (PTEN) status and
epidermal growth factor receptor (EGFR) amplifications.**® These genes show a relation
with survival and response to treatment. Another method of molecular subtyping includes
classification in classical, proneural, neural and mesenchymal subtypes of Verhaak et al.
which is based on gene expression profiling.” These subgroups are correlated with clinical
outcome and specific gene alteration patterns based on several important genes such as
platelet-derived growth factor receptor alpha (PDGF(RA)), IDHI, EGFR and neurofibroma-
tose type 1 (NF1).”® The heterogeneity of the tumor, as expressed in the different number
and type of genetic alterations within these tumors, makes it impossible to find a univer-
sal treatment.

Not only is heterogeneity observed between individuals; also intra-tumoral heterogeneity
on the level of expression profiling exists and was recently demonstrated in a report in
which the researchers analyzed tumor specimens resected from different regions of a sin-
gle tumor.? Various stages of the tumor evolution were observed in the same tumor.?’ This
underlines the complexity of finding an appropriate treatment for glioblastoma.

1.5 The patient-derived glioblastoma stem like cell model

To develop novel therapeutic strategies, a model is needed that resembles the original
tumor and its heterogeneity. Preclinical studies aimed at finding new treatments for can-
cer need to take heterogeneity into account to bridge the translational gap to clinical prac-
tice. The models to be used, should resemble all of the genetic alterations that have been
reported in glioblastoma patients. In part, such a model is provided by the patient-derived
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glioblastoma stem like cell (GSC) model. The GSCs are tumor initiating cells that are
drivers behind the resistance to treatment? and tumor propagation.”? Tumor initiating
cells often harbor CD133 on the cell surface, which is related to a defective DNA damage
response pathway.? The GSCs also plays an important role in the recurrence of glioblas-
toma, the invasive character®as well as in the heterogeneity.?

The GSCs are isolated from fresh tumor tissue which has been acquired during surgery.?
The tissue is dissociated mechanically and enzymatically.?® Those cells are cultured in a
serum free manner in addition with the growth factors EGF and bFGF.??” These growth
factors are essential for cell maintenance.?*? This method is used to preserve stem-like
characteristics as can be demonstrated by the presence of various markers of stemness
in the tumor cells, including Nestin, SOX2, Musashi-1 and Bmi-1.? Moreover, the hetero-
geneity between tumors derived from separate patients is reflected in this model in con-
trast with conventional commercially available cell lines.?*?” Preliminary results show
that the heterogeneity in response to temozolomide in these cultures very well reflects
the response as observed in patients from which the parental tumor originates. Others
also have observed that the in vivo predictive marker MGMT for temozolomide response,
is also a predictive marker for the temzolomide response in the in vitro patient derived cell
cultures.”

1.6 The epigenetically acting histone deacetylase inhibitors and clinical drugs

Single agent regimens are probably not a strategy that will lead to long term effects, as
glioblastoma cells are known to circumvent therapeutic effects using multiple mech-
anisms of drug resistance.*® As a consequence it is likely that combination treatments
will show better results. However, the intra-tumoral heterogeneity within glioblastomas
makes finding an effective treatment a challenge.?

Various reports have reported on the potential role of the anti-epileptic drug valproic acid
(VPA) in the treatment for glioblastoma.®2 Apart from acting as an anti-epileptic drug, VPA
also weakly inhibits histone deacetylases (HDACs).3* HDACs remove acetyl groups of core
histones of the chromatin and are regulating the epigenetic balance. Acetylated histones
are associated with activated transcription and open chromatin, whereas deacetylated
histones are often associated with gene silencing and compacted chromatin.** Apart from
this function, HDACs also affect non-histone proteins that function as transcription fac-
tors, DNA repair proteins and inflammatory markers.* Other than VPA, there are stronger
acting HDACI like SAHA (vorinostat) and LBH589 (panobinostat).** The testing of SAHA as
an adjuvant to existing therapies has been completed in various studies. For LBH589 there
are two active studies in glioblastoma.'* The HDACi have various effects as combination
agents: they have shown radiosensitizing capacity, influence the cell cycle and show apop-
totic activity.3* HDACi enhance gene expression and protein levels, affect (oncolytic) viral
vectors and can alter the immune response.’**° Therefore, these drugs are interesting
combination partners in a broad range of treatment strategies including chemotherapy,
radiation therapy and immune related therapy including oncolytic virotherapy.*°

In addition we have taken direction of drug repurposing for glioblastoma, by means of
finding clinical agents that have the “off” target effect to inhibit glioblastoma stem-like
cells.”* The NIH has a clinical drug collection containing over 450 clinical drugs, most of
which enter the central nervous system.* These drugs have a known toxicity profile and
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have frequently been administered to patients for other conditions. Therefore, they are
ideal candidates for fast-track implementation in the clinical setting. The development of
patient-derived GSCs provides an in vitro drug screening model that resembles the tumor
in situ, in terms of both genetic resemblance, tumor heterogeneity and resistance to ther-
apy in the patient population.?*?” Therefore, reevaluation of clinically available drugs
for other indications using patient-derived GSCs can lead to the identification of novel
anti-glioblastoma agents.*

1.7 Experimental therapy with oncolytic viruses

One of the difficulties in treating glioblastoma patients is the invasive character of this
tumor, which prevents total tumor resection. It has been shown in autopsy cases that
tumor cells can be found at a distance up to 2 cm or further from the resection cavity*
These cells are difficult to reach and to treat with therapeutics. A possible therapeutic
modality to handle this phenomenon is oncolytic viral therapy, which makes use of tumor
selective viruses that can efficiently kill tumor cells and that may have a wider spread
throughout the brain than drugs.** The virus will elicit a general immune response that
may also be directed against the remaining tumor cells. Oncolytic virotherapy is emerg-
ing and recently phase-I/II clinical trials have been performed, testing different types of
tumor selective viruses among those the oncolytic adenovirus Delta24-RGD.* Treatment
with Delta24-RGD has shown promising results in preclinical models* and has demon-
strated therapeutic responses in a subset of patients.* Delta24-RGD specifically targets
and replicates in cancer cells deficient in the retinoblastoma pathway by means of a
24-base pair deletion in the viral EIA gene. The insertion of the RGD-peptide into the fib-
er-knob facilitates viral entry through avp3/avp5 integrins into the glioma cell.” Delta24-
RGD is therefore not dependent on entry via the coxsackie adenovirus receptor which is
usually sparsely expressed in glioblastoma.*® The recently conducted trials with oncolytic
viruses show promising results, however it becomes clear that better and more efficient
cell kill by the virus and more potent induction of the immune response will be needed in
order to make OV an efficient and novel therapy for glioblastoma.**
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In this thesis, we analyze an extensive database of patient-derived glioblastoma stem-like
cell cultures. Motivated by the concepts of personalized or precision medicine, we search
for new therapeutic strategies, specifically the combination of drugs using current treat-
ment modalities and experimental oncolytic virotherapy with Delta24-RGD in combina-
tion with other drugs. We search for molecular markers to predict responses at epigenetic,
gene expression, and at protein level, in order to provide precision medicine.

2.1 Partl:Newtherapeuticregimensusingdrugsincombinationorinsingleagentsettings
Chapter 3. Which HDAC inhibitors are the most effective sensitizers of radiation and in
what percentage of patient-derived glioblastoma cultures? What is the best timing and
sequence of combination therapy? Can we identify molecular markers in the DNA damage
and the apoptotic pathway that predict therapeutic response?

The HDACi SAHA, LBH589, Valproic Acid (VPA), Scriptaid and MS275 are well-studied
drugs and effectively sensitize various tumor types to radiation as was shown in several
in vitro and in vivo models including conventional glioma cell lines."* SAHA and LBH589
are currently tested in clinical trials as combination drugs for temozolomide or radiation
in glioblastoma.” The mechanism of action of HDACi as radiosensitizers is a combination
of chromatin relaxation, altered transcription of DNA damage repair genes and common
cell death (apoptotic) pathway synergisms.® We compare the efficacy of SAHA, LBH589,
VPA, MS275 and Scriptaid as radiosensitizers in the patient-derived glioblastoma model.
In more detail, SAHA and LBH589 were evaluated to determine predictors of response.
Various markers in the context of DNA damage repair, cell cycle arrest and the apoptotic
pathway were studied in relation to response. In addition we analyzed the optimizing of
timing and sequence of combination therapy.

Chapter 4. Can the resistance of patient-derived GSCs to HDAC inhibitors as radiosen-
sitizers be overcome when combined with drugs that inhibit the apoptotic Bcl-2 family
proteins?

Based on the results found in Chapter 3, we study the efficacy of SAHA/radiation and
LBH589/radiation when manipulating Bcl-2 family proteins using the Bcl-2 inhibitor Oba-
toclax in patient-derived glioblastoma stem-like cell cultures. The relation between treat-
ment response and various factors including Bcl-2 family protein levels, MGMT promoter
methylation and recurrence status, as well as gene expression levels of the tumors were
studied.

Chapter 5. Are there clinically approved drugs available for other indications than cancer
that may have anti-glioblastoma efficacy in the patient-derived glioblastoma model?

We aim at finding new drugs that have anti-glioblastoma efficacy, which may be poten-
tial agents in future combination studies. Clinical implementation of new drugs can take
years, therefore we screened 446 clinically approved drugs in twenty patient-derived
GSCs which if effective may be implemented quickly compared to drugs that need exten-
sive toxicity testing. Effects on viability, three-dimensional cell invasion and toxicity in
normal human astrocytes were analyzed. Gene expression profiling, in silico analyses
and mechanistic studies were performed to gain insights into the mechanisms of action.
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The responses were related to MGMT promoter methylation status as well as recurrence
status.

2.2 Part II: Combination strategies for oncolytic adenovirus Delta24-RGD in
glioblastoma

Chapter 6. Do frequently prescribed anti-epileptic drugs in glioblastoma patients interfere
with the oncolytic activity of Delta24-RGD?

Frequently prescribed anticonvulsants for patients with glioblastoma are the HDACi VPA,
and two other drugs phenytoin and levetiracetam. The literature suggests that these may
interfere with cellular mechanisms of cancer and with oncolytic virus activity. We investi-
gate the direct effects of therapeutic doses of these drugs on Delta24-RGD infection, repli-
cation and on oncolytic activity in established glioma cell lines as well as patient-derived
glioblastoma cultures.

Chapter 7. Which HDAC inhibitors effectively synergize with Delta24-RGD and in which
subset of patient-derived GSCs?

HDAC inhibitors also affect integrins and share common cell death pathways with Del-
ta24-RGD. We study the combination treatment effects of HDACi and Delta24-RGD in GSCs
and we determined the most effective HDACi. SAHA, VPA, Scriptaid, MS275 and LBH589
were combined with Delta24-RGD in fourteen distinct cultures. We have related the
response to therapy with gene expression profiles, mutations and glioblastoma subtypes.

Chapter 8. Are there any already clinically approved drugs for other indications than can-
cer available that may have a synergistic effect on the working mechanism of oncolytic
viruses?

We address the feasibility of clinically applicable drugs to enhance the therapeutic poten-
tial of Delta24-RGD in glioblastoma. For this purpose we tested 446 drugs for their viral
sensitizing properties in patient-derived GSCs in vitro. Mechanistic studies were under-
taken to assess viability, replication efficacy, viral infection enhancement and cell death
pathway induction in a selected panel of drugs. We have combined these agents with two
other oncolytic viruses and in other solid tumors including breast carcinoma, ovarian car-
cinoma and colon carcinoma cell lines.
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Abstract

HDAC inhibitors have radiosensitizing effects in established cancer cell lines. This study
was conducted to compare the efficacy of SAHA, LBH589, Valproic Acid (VPA), MS275 and
Scriptaid in the patient-derived glioblastoma model. In more detail, SAHA and LBH589
were evaluated to determine predictors of response. Acetylated-histone-H3, yH2AX
/53BP1, (p)Chek2/ATM, Bcl-2/Bcl-XL, p21¢PVWArl and caspase-3/7 were studied in relation
to response. SAHA sensitized 50% of cultures, LBH589 45%, VPA and Scriptaid 40% and
MS275 60%. Differences after treatment with SAHA/RTx or LBH589/RTx in a sensitive and
resistant culture were increased acetylated-H3, caspase-3/7 and prolonged DNA damage
repair yH2AX /53BP1 foci. pChek2 was found to be associated with both SAHA/RTx and
LBH589/RTx response with a positive predictive value (PPV) of 90%. Bcl-XL had a PPV of
100% for LBH589/RTx response. Incubation with HDACi 24 and 48hours pre-RTx resulted
in the best efficacy of combination treatment. In conclusion a subset of patient-derived
glioblastoma cultures were sensitive to HDACi/RTx. For SAHA and LBH589 responses
were strongly associated with pChek2 and Bcl-XL, which warrant further clinical explora-
tion. Additional information on responsiveness was obtained by DNA damage response
markers and apoptosis related proteins.

3.1 Introduction

Glioblastoma is the most malignant form of primary brain tumor, originating from the sup-
porting tissue of the brain, the glial cells. With the current standard treatment consisting
of maximal safe surgical resection followed by temozolomide and radiation therapy (RTx)
patients have a post-operative expected survival of 12 - 15 months.! Since glioblastoma
is highly resistant to conventional anti-cancer regimens, new combined approaches are
urgently needed to improve outcome. Histone deacetylase inhibitors (HDACI) are anti-can-
cer drugs that alter the epigenome by inhibiting histone deacetylases which are involved
in the deacetylation of core histones. Hereby these drugs change gene expression, but
they also affect non-histone proteins directly.>* The HDACi SAHA, LBH589, Valproic Acid
(VPA), Scriptaid and MS275 are well-studied drugs and effectively sensitize various tumor
types to radiation (RTx) as was shown in several in vitro and in vivo models including con-
ventional glioma cell lines** SAHA and LBH589 are currently tested in clinical trials as
combination drugs for temozolomide or RTx in glioblastoma.’ The mechanism of action of
HDACI as radiosensitizers is a combination of chromatin relaxation, altered transcription
of DNA damage repair genes and common cell death pathway synergisms.?

In contrast to the established glioma cell lines, patient-derived glioblastoma cultures that
are cultured under serum-free conditions, resemble the genotype of the parental tumor
and as a consequence reflect the genetic heterogeneity between patients." Therefore, this
study investigated the responsiveness to various HDACI in combination with RTx in the
patient-derived glioblastoma model. This representative model allows determination of
tumor subtypes related to treatment response and identification of molecules related to
response. In conventional cell lines, important molecules for the mechanism of action of
HDACI were found to be acetylated histones, cell cycle regulatory proteins (p21¢/PVWAF),
Bcl-2 family apoptotic proteins and the DNA damage response.®?** The objective of this
study was to assess sensitivity of patient-derived glioblastoma cultures to five HDACi
in combination with RTx. These HDACI included SAHA, LBH589, VPA, Scriptaid and
MS?275. Also, we identified molecules that were associated with response to the clinically
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relevant HDACi SAHA and LBH589 as radiosensitizers. Furthermore, the optimal timing
of HDACi/RTx was assessed, as well as the effects of fractionated radiation on combina-
tion treatment.

3.2 Materials and methods

Chemicals

The compounds SAHA and MS275 were obtained from Cayman chemicals (MI, USA) VPA
from Sigma-Aldrich (MO, USA), LBH589 from Biovision (CA, USA), Scriptaid from Santa
Cruz Biotechnology (CA, USA) and Staurosporin was obtained from BioMol (Germany).
Stocks were prepared at 100mM (VPA) in sterile water and at S0mM (SAHA), 10mM (Scrip-
taid), 4mM (MS275) and 200 pM (LBH589) in dimethyl sulfoxide (Sigma-Aldrich) and
stored at -20°C. The DMSO concentration was kept below 1% in the treatment dilutions.

Patient-derived glioblastoma stem-like cell cultures

Fresh tumor tissue specimens were obtained by surgical resection at the Department of
Neurosurgery of the ErasmusMC (Rotterdam, The Netherlands) and Elisabeth Hospital
(Tilburg, The Netherlands). Tumor material was obtained with patients’ informed con-
sent as approved by the institutional review board of the ErasmusMC. The tumor tissue
specimens were dissociated, maintained as patient-derived glioblastoma cultures under
serum-free conditions, and characterized as was described previously.! Twenty-two
patient-derived glioblastoma cultures were used for the experiments. The (clinical) char-
acteristics of the original tumors are shown in Table 1. These clinical characteristics were
investigated for relation with the mean differences in viability of single agent treatment
compared to either combination treatment (SAHA/RTx or LBH589/RTx).

Viability assays

Dose-response assays for the HDACi alone were performed to determine the IC, values
by using at least three different drug concentrations. The combination treatment was
applied using at least two different HDACi concentrations, 24 hours before applying single
dose RTx (3Gy, Cs-137 source). The concentrations of HDACi were (0.25)/0.5/1.0uM SAHA;
(0.1)/0.3/0.6mM VPA; (0.35)/0.7/14uM Scriptaid; (0.05)/0.1/0.5uM MS275; (1)/5/20nM
LBH589. These concentrations were based on the values determined in the dose-response
assays in mono therapy, and the highest dose to be tested had to be between the average
IC,, and IC_ of all cultures. This was used to determine enhancement in combination with
3Gy RTx. One dose of RTx was tested, as patients in the clinical setting receive a fixed dose
of RTx daily. The dose of 3Gy RTx was chosen based on the initial screen of the panel of cul-
tures. The latter showed that 3Gy was the only fixed dose where RTx still had a small effect
on the most resistant culture, and where the most sensitive culture had enough viability
(>25%) at day eight after treatment to be able to study enhancement. The 96-wells plates
were coated with BD Matrigel (1:20, BD Biosciences, CA, USA) and seeded at 1x103 cells/
well. Cell viability was measured on day eight by CellTiterGlo-assay" (Promega, WI, USA).
The IC,, values were calculated by median effect equation.’ To study the optimal sequence
of HDACI/RTx, 0.75x103 cells/well were plated and treated with SAHA at 48 hours or 24
hours pre-RTx, simultaneously, or 24 hours post-RTx.

HDAC INHIBITORS SENSITIZE GLIOBLASTOMA CELLS TO RADIATION
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Western blot

The four patient-derived glioblastoma cultures GS79, GS160, GS186 and GS257 were
treated with SAHA, LBH589, RTx or the combinations, according to the schedule used in
the previous experiments. The cells were harvested 24 hours after RTx. For the experi-
ment shown in figure 3C and 4A, the glioblastoma cultures were collected 30 minutes after
RTx, together with corresponding untreated controls. Cells were washed with PBS and col-
lected in a lysis buffer under protease and phosphatase inhibitory conditions. Protein con-
centrations were assessed by BCA Protein Assay Reagent Kit (Thermo Fisher Scientific,
MA, USA). Separation was performed on a 10% Acrylamide/Bis gel (Bio-Rad, CA, USA) and
blotted onto a PVDF membrane (Immobilon-P, Millipore, MA, USA) using the Mini-Protean
Tetra Cell system (Bio-Rad). Membranes were blocked in a 5% non-fatty milk solution 0.5
hour at room temperature. The blots were probed with anti-acetylated histone H3 (anti-
ac-H3), anti-B-actin (1:300; and 1:5,000, Millipore), anti-Bcl-2, anti-Bcl-XL (both 1:500; Cell
Signaling), anti-p21¢P¥WAF (1:500, BD Bioscience), anti-pChek2-Thr68, anti-Chek2, ATM,
PATM-Ser1981 (1:500, Cell Signaling) in 5% BSA/TBS-T overnight. After washing, mem-
branes were incubated with secondary anti-rabbit-HRP or anti-mouse-HRP (1:2000, Dako
Denmark A/S, Denmark) 1 hour at room temperature. The blots were visualized using the
ChemiDoc MP system (Bio-Rad), and analyzed with the ImageLab Software (Bio-rad).

Immunohistochemistry

The patient-derived glioblastoma cultures GS79 (responsive to HDACi/RTx) and GS257
(resistant to HDACi/RTx) were selected to study the DNA repair response. Double strand
breaks were identified by quantifying 53BP1 and yH2AX foci. Cells were grown on cover
slips glass coated with Matrigel (BD Bioscience) and were treated with SAHA or LBH589.
After 24 hours the cells were irradiated with 3Gy. At 1 hour and 24 hours post-RTx the cells
were fixed with PFA (4%), washed with PBS/0.1% Triton and stained with anti-53BP1 (rab-
bit, 1:500, Novus Biochemicals, CO, USA), and anti-yH2AX (mouse, 1:500, Rockland). The
cells were stained with a secondary antibody against mouse (Alexa-488, Life Technolo-
gies) and anti-rabbit (Alexa-546, Life Technologies). Immunofluorescence-stained cover
glasses were analyzed using the Zeiss (Zeiss, Jena, Germany) LSM 700 upright confocal
laser scanning microscope. Z-stack confocal images were used for quantifying the DNA
repair foci at a pixel resolution of 512x512 with a 63x objective with an optical slice of
1.0um and an interval of 1.5um (4.7 digital zoom). Comparisons were made between the
foci count of the RTx treated cells at 1 hour, and the SAHA/RTx and LBH589/RTx treated
cells at 1 hour. Also, the foci count of the RTx and HDACi/RTx treated cells at 24 hours were
compared to the foci count of the RTx treated cells at 1 hour. Single agent treatments were
observed as controls.

Caspase 3/7 assays

The patient-derived glioblastoma cultures GS79 and GS257 were seeded 5x10° cells/well in
a 96-well plate and treated with SAHA, LBH589 or RTX, or in combination. Apoptosis-in-
ducer staurosporin (20nM) was used as a positive control. The cells were incubated with
5uM CellPlayer 96-Well Kinetic Caspase-3/7 Apoptosis Reagent” (Essen Bioscience, MI,
USA). After applying RTx the plates were placed in an IncuCyte'® (Essen BioScience) with a
10X objective at 37°C in a humid 95% air/5% CO2 chamber. Three fluorescent images/well
were collected every 2 hours up to 24 hours post-RTx. The number of fluorescent foci indi-
cated caspase-3/7 activity. The fluorescent foci were counted using the IncuCyte Software
and the treatments were compared.
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Statistical analysis

The viability experiments were performed in triplicate. The results were presented as
mean percentage of controls * standard error. The enhancement of the combination treat-
ment was calculated as described by Chou® as the fold-enhancement of the effect of a
single agent. The mean differences in effects® were provided, and the significance was
tested using the Students’ T-test. In case of >1.0 enhancement, and statistical significance
(p<0.05) a culture was considered sensitive. The Western blots were analyzed using the
ImageLab software and band intensities were calculated as percentage of non-treated con-
trols, corrected for the relative B-actin levels. The DNA damage repair foci were counted
of n>20 cells and the results were analyzed by a Student’s T-test (p<0.05 was considered
significant). The caspase-3/7 experiments were done in duplicate of which three pictures
were taken per time point. The results are presented as the mean object counts/surface
area * standard error. The differences in treatment effects were analyzed by the two-way
ANOVA and Tukey's Post-hoc Test. (p<0.05 was considered significant). For the correlation
analysis of the clinical data age, Karnofsky performance score (KPS) and progression free
survival (PFS) with the effect sizes (mean difference in single vs. combination treatments),
the Spearman correlation test was performed for non-parametric data. For the differences
between groups of MGMT promoter methylation status, gender and recurrence status, the
Mann Whitney U-test for non-parametric data was used.

3.3 Results

Patient-derived glioblastoma cultures show different sensitivity to HDACi and HDACi/RTx
The various tested HDACi had varying IC, values between eight different patient-derived
glioblastoma cultures, ranging from 0.7-6.1uM for SAHA, 0.4-4.9uM for Scriptaid, 0.04-
2.5uM for MS275, 8.2-40.9nM for LBH589 and 0.8-3.9mM for VPA (Figure 1A). Subsequently
the effects of three concentrations of the HDACI], as single agents and as radiosensitiz-
ers, were evaluated on twelve patient-derived glioblastoma cultures. Later on, ten addi-
tional patient-derived glioblastoma cultures were evaluated for their sensitivity to two
concentrations of SAHA and LBH589 in combination with RTx (Table 2). The concentra-
tions HDACI and dose of RTx being used, were based on the results in the dose-response
assays (see the Methods section for a detailed description) and the efficacy in the various
patient-derived glioblastoma cultures. A large overlap in responsiveness to SAHA/RTx
and LBH589/RTx treatment was observed. The HDACi that are currently under phase I/
Il investigation, SAHA and LBH589, both sensitized 11/22 cultures with mean differences
(mono vs. combination) of 5-27% and 13-32% respectively. Figure 1B shows seven of the
22 tested patient-derived glioblastoma cultures including responsive and resistant cul-
tures. VPA and Scriptaid both sensitized 40% (4/10) cultures and MS275 sensitized 60%
(6/10) cultures, with absolute effects (mean differences of mono vs. combination treat-
ment) ranging from 13-30%, 20%-34% and 12%-24% respectively. The cultures that were
sensitized by both SAHA and LBH589 (overlap) were 9/11 (Table 2). In further detail, the
sensitive cultures to SAHA/RTx and LBH589/RTx were compared to the cultures resist-
ant to those treatments, in order to identify candidate predictive markers and markers for
response monitoring.
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Table 1. The characteristics of the twenty-two patient-derived glioblastoma cultures.

The clinical characteristics twenty-two patient-derived glioblastoma cultures that were tested for the response
to SAHA/RTx and LBH589/RTx, and of which 12 were used for testing the effects of VPA/RTx, Scriptaid/RTx and
MS275/RTx. MGMT status = MGMT promoter methylation status; M = methylated; UM = unmethylated; PFS =
progression free survival (months); Gender, M = Male, F = Female; Age (yrs) in years at time of resection; KPS =
Karnofsky Performance Scale; recurrent tumor = if original tumor of which culture was derived was recurrent
(yes) or not (no); treated tumor = if original tumor was treated in case of recurrence, with temozolomide (TMZ)
and/or radiation (RTx). *This data is unavailable.

GSC MGMT PFS Age (yrs) KPS Recurrent Treated
culture status (mths) Gender atresection pre-operative tumor tumor
GS102 M 5 M 68.0 90 No No
GS160 UM 1,5 M 58.1 90 No No
GS184 M 2.5 M 504 90 No No
GS186 M 3 F 48.2 90 Yes TMZ/RTx
GS203 M 7 M 64.0 100 No No
GS216 UM 2.5 F 429 90 Yes TMZ/RTx
GS224 M 3.5 M 58.5 80 Yes TMZ/RTx
GS245 UM 5 M 69.0 70 No No
GS257 UM 2 F 60.1 60 No RTx
GS261 M 2.5 M 82.2 80 No No
GS274 M 6 F 67.1 70 No No
GS279 M 19 M 62.8 90 Yes TMZ/RTX
GS289 UM 3 M 79.6 80 No No
GS295 UM 7 M 50.1 90 No No
GS330 M 0 F 771 70 No No
GS335 UM 3 F 60.6 80 Yes TMZ/RTx
GS357 M 3 M 56.9 90 No No
GS359 M 14 M 69.7 90 No No
GS365 UM 3.5 M 59.5 90 No No
GS401 M 2.5 M 52.6 70 Yes TMZ/RTx
GS423 M * M 65.0 90 No No
GS79 UM 4 F 74.7 90 No No
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Table 2. Responses to HDACi/RTx treatments in 22 patient-derived GBM cultures.

Twenty-two patient-derived GBM cultures were tested for the response to SAHA/RTx and LBH589/RTx. Initially
12 were tested for response to radiation combined with VPA, Scriptaid or MS275. The enhancement factors and
the mean differences in viability are displayed based on cell viability on day eight. Statistical significance was
considered if p<0.05. Legend: EF = enhancement factor; mean difference = difference between group mono-treat-
ment and combination treatment in cell viability; light grey = significant mean difference; dark grey = no signif-
icant mean difference.
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Figure 1. Differential responses to HDACi and to HDACi/RTx treatment.

(A) The IC,, values eight days post- treatment with the either of the five HDACi SAHA, LBH589, VPA, Scriptaid
and MS275 were studied in eight different patient-derived glioblastoma cultures with CellTiter-Glo assay. The
average IC values are displayed as the middle horizontal lines. The responses to a fixed dose of radiation (3Gy)
are shown of the 22 cultures that were tested in the panel, as % viability of non-treated controls with the stand-
ard error, eight days post-treatment with 3Gy. (B) The radiosensitizing effects of SAHA, and LBH589 were deter-
mined by CellTiter Glo-assay in various patient-derived glioblastoma cultures. Seven representative cultures
are shown, which included sensitive and resistant cultures to combination treatment. Cells were seeded 1x103
cells/well and treated with either 1pM SAHA or 20nM LBH589. After 24 hours the cells were irradiated with a
single dose of 3Gy. At day eight the viability was measured by CellTiter Glo-assay. The results are presented as
% viability of non-treated controls with the standard error. *Indicates significance at p<0.05.

HDACi increase histone-H3 acetylation in the sensitive glioblastoma culture

Since histone acetylation is an important mechanism of HDACI, the relation to radiosen-
sitization efficacy by SAHA and LBH589 was studied pre- and post-treatment. By Western
blot, the levels and alterations were initially assessed in two patient-derived glioblastoma
cultures, one resistant and one sensitive to combination treatment. The acetylated his-
tone-H3 levels were increased in the sensitive culture GS79 by both SAHA (657%), SAHA/
RTx (505%) and in LBH589 (546%), LBH589/RTx (417%) as compared to non-treated controls
and corrected for the p-actin levels (Figure 2A). In the resistant culture GS257, high baseline
levels of acetylated histone-H3 were observed. The increase in levels was small in compar-
ison to the sensitive culture: SAHA (129%), LBH589 (127%) and LBH589/RTx (115%). SAHA/
RTx treated GS257 cells even had reduced histone-H3 acetylation levels (47%, Figure 2A).
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Figure 2. Differential effects on histone-H3 acetylation and DNA damage responses in the sensitive and
resistant culture.

(A) Western blot detecting acetylation of histone-H3 in the patient-derived glioblastoma cultures GS79 and
GS257 with HDACi and HDACi/RTx 24h after RTx. The relative densities corrected for f-actin levels are pro-
vided below the lanes. (B) DNA damage was analyzed in GS79 and GS257 by visualizing 53BP1 and yH2AX foci.
Cells were incubated for 24 hours with lpM SAHA or 20nM LBH589, and irradiated with 3Gy. Post-RTx (1 hour
and 24 hours), the cells were fixed and stained with both antibodies and observed by confocal microscope. The
drug-only figures are shown in Supplemental Figure 1, which did not differ for both drugs and both glioblas-
toma cultures at 1 hour and 24 hours post-treatment with the HDACi. (C) The graphs showing the 53BP1 and
yYH2AX DNA damage response foci in the patient-derived culture GS79 and GS257. The mean is shown of n>20
counted cells per sample slide with the standard error. The foci of the combination treatments were compared
to the 3Gy induced foci at 1h. *Indicates significance at p<0.05.

SAHA and LBH589 prolonged the RTx induced DNA damage response in the sensitive
glioblastoma culture

HDACI have been reported to influence the DNA damage repair response. Therefore the
variations in DNA damage response were assessed in the sensitive and resistant culture
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(GS79 and GS257). The DNA damage response proteins 53BP1 and yH2AX were stained.
These proteins are known to localize at DNA damage sites. Particularly the duration of
the foci presence was studied using the time-point of 24 hours, at which normally the RTx
induced foci should have recovered to control levels. First of all, SAHA and LBH589 alone
did not induce 53BP1/yH2AX foci in GS79 and GS257, at both 1 hour and 24 hours post-treat-
ment (Supplemental Figure 1A). In both the responsive and resistant culture, both HDACi
did not change the initial foci formation by RTx (p>0.05, Supplemental Figure 1B). In the
sensitive culture, the RTx induced foci were normalized to control levels at 24 hours. At
24 hours, in the HDACi/RTx treated cells, the number of 53BP1 and the number of YH2AX
foci were still comparable to the number of foci at 1 hour after RTx treatment (Figure 2B-C),
meaning the foci were maintained in the presence of HDACI and the number of foci after
24 hours was higher in HDACi/RTx compared to RTx treated cells (p<0.05). In the resistant
culture the number of RTx induced foci present at 1 hour post-RTx, was comparable to the
combination treated cells, and at 24 hours all the treatment modalities had significantly
decreased numbers of foci compared to RTx treated cells 1 hour post-treatment(p<0.05).
Thus, the level of foci induced by RTx at 1 hour was not maintained by HDACI in the resist-
ant culture, contrary to the sensitive culture. The observed differences in 53BP1 and
vH2AX clearance after 24 hours in the sensitive and resistant glioblastoma culture suggest
differences in the DNA damage response.

Induction of apoptosis was related to responsiveness to HDACi/RTx

Next, cell-inhibition related mechanisms were studied in the sensitive and resistant
patient-derived glioblastoma cultures. The cell cycle regulator p21¢*/%A™! which is related
to cell cycle arrest, was studied. In untreated cells, p21°"VWA"! was absent in the respon-
sive culture GS79 and present in the resistant culture GS257. RTx increased p21¢iP/WAF!
in the resistant culture (189%, upper band) but not in the sensitive culture (98%). SAHA
and SAHA/RTx increased p21¢P/WAF! Jevels in the sensitive culture (142% and 128% respec-
tively). In the resistant culture the treatments did not alter p21¢*/%A! Jevels (SAHA 105%,
SAHA/RTx 110% (upper band), LBH589 81% and LBH589/RTx 121%, Figure 3A). Thus, p21¢*
WAl Jevels were increased in the responsive culture by SAHA and by SAHA/RTx, whereas
in the resistant culture, the RTx induced p21¢*VWA"! [evels, were lower in HDACi/RTx treat-
ments. To assess whether decreased viability was associated to induction of apoptosis,
the caspase-3/7 activity was assessed after treatment. Caspase-3/7 activity was increased
(p<0.0001) in the sensitive glioblastoma culture by all the HDACi compared to RTx alone
(Figure 3B). Combination treatment induced caspase-3/7 activity comparable to HDACi
alone. In the resistant glioblastoma culture GS257, caspase-3/7 activity was significantly
higher in the cells treated with HDACI only, however to a much lesser extent than in the
sensitive culture. Also, the levels of the caspase-3/7 counts did not exceed the levels at 0
hours, meaning there was no up-regulation of caspase-3/7 activity, also not in the treated
cells, but a smaller decrease of baseline levels over time. SAHA/RTx reduced caspase-3/7
activity and LBH589/RTx did not alter the levels. Thus, the caspase-3/7 levels increased
compared to 0 hours by the HDACi and HDACI treatment, the levels of Bcl-2 were com-
pared in both patient-derived glioblastoma cultures. The Bcl-2 protein was decreased in
the sensitive culture by SAHA (46%), SAHA/RTx (60%), LBH589 (38%) and LBH589/RTx
(84%) (Figure 3A). In the resistant glioblastoma culture Bcl-2 was increased by single dose
RTx (89%) and maintained in HDACi and HDACi/RTx treated cells. Thus, the drugs had a
pro-apoptotic effect and inhibited Bcl-2 in the sensitive culture, but not in the resistant
culture. To establish these findings, we repeated this assay for the responsive culture
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GS186, and the moderately responsive GS160 (low enhancement, only for SAHA). In GS186,
HDACI reduced the Bcl-2 levels, whereas RTx induced Bcl-2 levels. These RTx-mediated
increased Bcl-2 levels were suppressed by HDACi/RTx. In GS160, the HDACI did not affect
the Bcl-2 levels in mono nor in combination treatment. These findings support our initial
observations that Bcl-2 is inhibited by HDACI in sensitive cultures, whereas this protein is
not affected in less responsive cultures, such as GS160.

Responses to HDACi/RTx correlated with clinical characteristics

Next, we studied whether the response to SAHA/RTx and LBH589/RTx was related to
either clinical (Table 1) or molecular characteristics. The results show that for LBH589/
RTx the enhancement was significantly higher in the glioblastoma cultures derived from
MGMT promoter methylated tumors compared to MGMT promoter un-methylated tum-
ors (17% vs. 6%, p=0.03). For SAHA/RTX, no differences in response were found between
the two groups (Supplemental Figure 2A). No significant differences were found between
cultures from male/female patients, and between recurrent and non-recurrent tumors
(Supplemental Figure 2B-C). Spearman correlation showed that SAHA/RTx effect sizes
were significantly negatively correlated with the PFS (Spearman r= -045, p=0.04, Supple-
mental Figure 2D). Age and KPS were not correlated to the response to both HDACi/RTx
treatments (Supplemental Figure 2E-F). In conclusion, there may be an indication that
MGMT promoter methylated tumors are more responsive to LBH589/RTx treatment, and
that there exists a negative correlation between progression free survival and response to
SAHA/RTX in vitro.

Response to HDACi/RTx correlate with levels of ChekZ2, pChek2, and Bcl-XL

Based on our in vitro comparisons of the sensitive and resistant patient-derived glioblas-
toma cultures, several proteins were evaluated as potential markers for response pre-
diction and monitoring. The presence and activation of the early DNA damage response
proteins Chek2 and ATM were assessed after RTx (first in five patient-derived cultures as
pilot experiment and finally in all 22 cultures). The pilot experiment showed that base-
line Chek?2 levels were present in 2/2 sensitive cultures and in 1/3 resistant cultures. The
Chek2 protein was only phosphorylated after RTx in the sensitive cultures. The pATM lev-
els were not different between the two groups. In the resistant culture GS257 an extensive
phosphorylation upon RTx was observed (Figure 3C). The other markers studied included
acetylated histone-H3, Bcl-2 and Bcl-XL. To this end the 22 tested cultures were analyzed
for these proteins and the results were used to calculate the positive predictive value (PPV)
and negative predictive value (NPV). These values indicate precise the marker is in pre-
diction, i.e. regarding false positivity and false negativity. Acetylated histone-H3 did not
distinguish resistant from sensitive cultures. Regarding the early DNA damage response
protein ATM, these levels were highly expressed in the sensitive and less in the resistant
cultures. However ATM was present in almost all patient-derived glioblastoma cultures
(Figure 4A). To identify potential markers for future evaluation in patients, a cut-off of 85%
was considered (Figure 4B). The PPV for pChek2 was 90% for both HDACi/RTx. The PPV
of Bcl-XL was 100% for LBH589/RTx. The values of the proteins that did not meet the cut-
off of 85% are shown in Figure 4B, as well as their NPVs. Based on the data comparing
the sensitive and resistant culture, a schematic representation of the possible response
mechanism for SAHA and LBH589 as radiosensitizers was conceptualized (Figure 4C), for
a pronounced sensitive and resistant culture.
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Figure 3. Differences in cell cycle regulation and apoptosis in a sensitive and resistant culture to
HDACIi/RTx treatment.

(A) Both glioblastoma cultures GS79 and GS257 were treated with HDACi/RTx and harvested 24 hours post-RTx.
The levels of p21¢PVWA*! and Bcl2 were determined by Western blot. The relative densities corrected for p-actin
levels are provided below the lanes. Additionally, in the cultures GS160 (moderate responder) and GS186 (good
responder), the experiments was repeated for the levels of Bcl-2. (B) Caspase-3/7 activity was determined by
the Kinetic Caspase 3/7 assay and observed by an IncuCyte as fluorescent counts/mm2 up to 24 hours after RTx
treatment. The results are shown as % of the level at 0 hours with the standard error. The time lapse was ana-
lyzed by using a two-way ANOVA. *Indicates significance at p<0.05. (C) Five patient-derived glioblastoma
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cultures of which two were sensitive (GS102, GS79) and three were resistant (GS257, GS274, GS279) to combina-
tion treatment were analyzed for the DNA damage response at 0.5 hours after RTx. The levels of Chek2, ATM
and the phosphorylation of these proteins after RTx were shown by Western blot.
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Figure 4. Predictors of response and monitoring response for HDACi/RTx and the proposed mechanism in
sensitive and resistant glioblastoma cultures.

(A) Twenty-two glioblastoma cultures were analyzed for their relative protein levels of ATM, Chek2, Bcl-XL,
acetylated histone-H3, Bcl-2 and the ability to phosphorylate Chek2 (pChek2) upon radiation by Western blot-
ting. Cells were grown in culture flasks and harvested (controls) or radiated with 3Gy and harvested after 0.5
hours of incubation. (B) An overview of the potential response markers that were identfied in this study, show-
ing the positive and negative predictive values to predict response in vitro. Some are candidate markers to
determine response to SAHA/RTx and LBH589/RTx. (C) A schematic presentation of the sensitive and resistant
patient-derived glioblastoma culture with regard to the different studied proteins and mechanisms. In a pro-
nounced sensitive culture, histone-H3 is acetylated upon HDACI treatment. DNA damage foci are prolonged by
HDACI/RTx treatment. In general the levels of ATM and Chek2 are relatively high and Chek2 is phosphorylated
rapidly upon RTx. The DNA damage repair is inhibited by HDACI], finally leading to activation of caspase-3/7
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and apoptosis. Since Bcl-XL is low it will not cause resistance to apoptosis. HDACI inhibit the high protein lev-
els of Bcl-2, cytochrome C will be released and caspase-3/7 is activated. The resistant culture does not have
altered levels of acetylated histone-H3 upon HDACI treatment. The DNA damage foci are not prolonged at 24
hours after HDACi/RTx. In general ATM and Chek2 levels are low and Chek2 is not phosphorylated upon RTx.
Bcl-2 is present but is not inhibited, which also distinguished good responders from moderate responders or
resistant cultures. Bcl-XL is highly present and prevents the cell from caspase-3/7 activation and apoptosis.

Timeschedulingis crucial forcombination effectiveness, singledose RTxapplicationisnot.
Also, the importance of the time schedule of combination treatment for the effectiveness
of HDACi was investigated. The results show that SAHA given pre-RTX enhanced RTx sig-
nificantly better than the other regimens tested (Figure 5A). By administering the com-
pound simultaneously with RTx, the radiosensitizing effects were absent in several cases
and significantly smaller in other cases. The results of these experiments were compara-
ble in a total of three patient-derived glioblastoma cultures (Figure 5B). Also the effects of
fractionized RTx were evaluated, as is the standard of care for patients. The various RTx
doses were applied in three fractions. Fractionized RTx did not affect the enhancement
and efficacy of the combinations of SAHA/RTx in three patient-derived glioblastoma cul-
tures (GS79, GS102, GS245). The efficacy was comparable to single dose treatment (Figure
5B shows the data of GS79 and GS102 treated by SAHA and LBH589).

3.4 Conclusion

This study shows that the HDACi SAHA, VPA, MS275, LBH589 and Scriptaid are radiosensi-
tizers in a significant proportion of patient-derived glioblastoma cultures and have largely
varying enhancement. The percentages of cultures responsive to the various HDACI, were
comparable and in many cases overlapping for the glioblastoma cultures. The observed
variations in sensitivity show a relationship with molecular characteristics of the specific
cultures.? Regarding the clinically most relevant HDACi, SAHA and LBH589, differences
in the DNA damage and apoptotic response were found between responsive and resistant
cultures. Various identified associated molecules that warrant further exploration as can-
didate response markers are pChek2 for both SAHA/RTx and LBH589/RTx, and in addition
Bcl-XL for LBH589/RTx. Although these molecules are promising candidates having PPVs
0f 90% and 100%, the 90% still has a false positive or negative rate of 10%. Therefore, these
markers need further evaluation in the clinical setting, and using combinations of markers
may increase predictive accuracy. Specifically for cultures that were moderately respon-
sive to combination treatment, these markers need additional information provided by
other assays: for example the levels of Bcl-2 after treatment with the drugs.

In addition, this study reveals that SAHA/RTx response in vitro was negatively related to
the PFS of patients from which the cultures were derived. This finding may be clinically
promising. Combination response was not related to MGMT promoter methylation status,
which is usually a prognostic predictor. On the contrary, LBH589/RTx treatment response
was related to MGMT promoter methylation status of the tumor; however, the differences
in means between groups were found to be small.
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Figure 5. Timing and fractionation RTx in HDACi/RTx treatment.

(A) Cells were seeded 0.75 x10° cells/well and treated according different time schedules with 1pM SAHA and
RTx (3Gy). Treatment schedules of applying HDACI differed from 48 hours pre-RTx to 24 hours post-RTx. After
seven days of treatment, viability was measured by CellTiter-Glo-assay. Results are presented as enhancement
factors. *Indicates significant difference between combination and mono treatment at p<0.05. #Indicates
p = 0.05 for one of the treatments vs. combination treatment. ## Indicates data obtained from two independent
experiments. (B) GS79 and GS102 were seeded 1x10° cells/well and treated with 1luM SAHA or 20nM LBH589.
The cells were irradiated 24 hours after incubation with either a single dose of 3Gy or every 24 hours three frac-
tions of 1.25Gy, 1.50Gy, 1.75Gy or 2Gy. The results were depicted as % of non-treated controls with the standard
error.

3.5 Discussion

Differences in DNA damage response between patient-derived glioblastoma cultures are
related to sensitivity to HDACi/RTx treatment

A recent review summarized the effects of HDACi on the DNA damage response including
inhibition of the non-homologous end-joining and homologous recombination.® According
to our data these effects are likely to occur in the sensitive and not in the resistant cul-
tures. Firstly the DNA damage response (by 53BP1 and yH2AX) is prolonged in the sensi-
tive culture by SAHA and LBH589 but not in the resistant culture. A prolonged increased
level of DNA damage foci caused by HDACi has been reported earlier.”? This study supports

HDAC INHIBITORS SENSITIZE GLIOBLASTOMA CELLS TO RADIATION

29



30

that HDACi/RTx induces maintained high levels of DNA damage response markers. Since
we have studied this phenomenon by using both a repair protein, yH2AX, that depends
on dephosphorylation by Wip1* and one whose activity is independent of Wipl dephos-
phorylation processes (53BP1), our data strongly suggest that prolonged foci are indeed
the result of prolonged DNA damage. The findings thus point toward ineffective double
stranded breaks repair. One possible explanation is that the breaks have been caused
during a heterochromatin status. A second possible explanation is that the HDACI affect
the DNA repair response as described above.? The resistant culture already harbored a
high level of initial foci which is potentially due to pre-existing defects in the repair of
residual breaks. DNA-PK defects for example can cause clustered DNA lesions in tumor
cells.? Because of a continuously high level of chronic double stranded breaks, these cul-
tures would potentially undergo other mutations that repress cell cycle checkpoints and
apoptosis. Chek?2 is a downstream checkpoint kinase and tumor suppressor which is acti-
vated in response to DNA damage and blocks cell cycle progression. Chek2 was associated
with response to both SAHA/RTx and LBH589/RTx, but more strongly its phosphorylation
(pChek2) upon RTx was associated with response. Mutations in the CHEK2 gene have been
described for glioblastoma.? In addition, a defective ATM/Chek2/p53 axis is associated
with poor response to chemotherapy in other cancers.?® ATM levels are higher in sensitive
cultures but are present at lower levels in resistant cultures. The present study also sup-
ports that sensitivity and resistance are related to a differentially functioning ATM/Chek2
DNA damage response.

The levels of Bcl-2 family members differ between patient-derived glioblastoma cultures
and are related to response to HDACi/RTx treatment

The apoptotic mechanism also plays an important role in the action of HDACi/RTx. Inac-
tivation of the mitochondrial bound Bcl-2 anti-apoptotic proteins may lead to apoptosis.?”
Bcl-2 proteins can prevent the cell from caspase-dependent cell death?® and are associated
with resistance to HDACi."?!*? This is consistent with the finding that Bcl-XL levels are
high in the resistant cultures and Bcl-2 is maintained at baseline level in resistant cultures
under HDACI treatment. In contrast Bcl-2 was shown to be down-regulated in the sensitive
cultures GS186 and GS79. In addition, the culture with moderate responsiveness, but with
‘responder-associated markers’ of Chek2 and Bcl-XL, the regulation of Bcl-2 by the HDACi/
RTx treatment showed a non-responsiveness pattern. This suggests that for the cultures
with moderate response that express predictive markers, this assay may provide addi-
tional information about the final response to treatment. Caspase-3/7 is not significantly
activated in resistant cells upon treatment, whereas in the sensitive culture caspase-3/7
is induced by HDACI, but independently of RTx. As there can be a lack of apoptosis induc-
tion as is debated in the literature,* in our samples the RTx alone did not induce apop-
tosis either. In the combination treatment, high Bcl-XL levels may contribute to the lack
of apoptosis induction by the HDACi in the resistant cultures. Moreover, anti-apoptotic
family members Mcl-1, Bcl-XL and Bcl-2 have roles in the DNA damage response as they
are involved in cell cycle arrest upon DNA damage,® the NHEJ damage repair response,*
chromosomal abnormalities in tumors and coordination of the DNA damage response.

Furthermore, assessing the possibility of monitoring the in vitro response to HDACi/
RTx by using acetylation of histone-H3 in tumors showed that this is not effective in this
model. Hyper-acetylation was present in untreated resistant cultures and therefore using
this characteristic as a marker could be misleading in monitoring the response. The use
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of p2ICIPYWARL a5 3 response marker also seems limited. In established cell lines several
HDACI have shown to cause increased p21¢PVWAF 1434 [n the comparison between sensitiv-
ity and resistance in this study, the regulation of p21¢*/%Af was not related to reduced via-
bility as it was increased in both the resistant and sensitive culture.

The sequence of treatment application is crucial for the efficacy of HDACi/RTx treatment
The timing of the combination treatments shows increased effectiveness when HDACi are
given 24 hours or 48 hours pre-RTx. This advantage is in accordance with another study
that has demonstrated a better radio-enhancement when cells are exposed to HDACi
16 hours before RTx.*® However, additional effects have also been reported when VPA
is administered post-RTx.%® This difference might be explained by the use of a different
model or by differences in the used drug concentrations. A possible explanation for the
time-dependent sensitization efficacy is that a certain time interval is required for altered
transcription of DNA repair genes®* and for inhibition of anti-apoptotic genes. Also the
present study shows that fractionizing radiation did not alter the radio-sensitizing effects
of HDACI and does not seem a drawback to achieve treatment effects. In conclusion this
indicates that the timing of HDACi application before the initial dose of RTx is an impor-
tant variable to achieve optimal treatment response and the fractionizing of RTx is not.
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Supplemental Figure 1. The 53BP1 and yH2AX foci in HDACI only treated cells.
(A) The DNA damage response was analyzed in both patient-derived glioblastoma cultures GS79 and GS257,

by visualizing 53BP1 and yH2AX foci. The drug-only figures corresponding to the experiment presented in Fig-
ure 2C. Cells were incubated with either 1uM SAHA or 20nM LBH589. At 1 hour and 24 hours post-RTx, the
cells were fixed and stained with both antibodies and observed by confocal microscope. No difference were

observed for both drugs in both glioblastoma cultures at 1 hour and 24 hour post-treatment with the HDACi
alone. (B) The graphs show the 53BP1/yH2AX DNA damage response foci in the patient-derived culture GS79
and GS257 at 1 hour post-RTx. The mean is shown of n>10 counted cells per sample slide with the standard error.

The foci of the combination treatments were compared to the 3Gy induced foci at 1 hour. No significant differ-

ences were observed.
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Supplemental Figure 2. The clinical characteristics of the patient-derived glioblastoma cultures and the
relation with HDACi/RTx treatment.

The mean differences in effects of mono and combination treatments for SAHA/RTx and LBH589/RTx (effects)
were compared between the (A) MGMT promoter methylated and MGMT promoter un-methylated culture, (B),
the non-recurrent and recurrent cultures and (C) the male derived and the female derived cultures, by using the
Mann Whitney U-test. Significance was considered p<0.05. The mean differences in effects of mono and combi-
nation treatments for SAHA/RTx and LBH589/RTx (effects) were correlated with progression free survival (PFS
in months), age at time of surgical resection (in years) and the pre-operative Karnofsky Performance Score
(KPS) with the Spearman correlation test. Significance was considered p<0.05

HDAC INHIBITORS SENSITIZE GLIOBLASTOMA CELLS TO RADIATION
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Abstract

Glioblastoma has shown resistance to histone deacetylase inhibitors (HDACI) as radiosen-
sitizers in case of overexpression of Bcl-XL proteins. We study the efficacy of SAHA/RTx
and LBH589/RTx when manipulating Bcl-2 family proteins using the Bcl-2 inhibitor Obato-
clax in patient-derived glioblastoma stem-like cell cultures (GSC cultures) which in general
have a deletion in phosphatase and tensin homolog ™V, Synergy was determined by the
Chou Talalay method. The effects on apoptosis and autophagy were studied by measuring
caspase-3/7, Bcl-XL, Mcl-1and LC3BI/II proteins. The relation between treatment response
and 06-Methylguanine-DNA methyltransferase (MGMT) promoter methylation status,
recurrence and gene expression levels of the tumors were studied. Obatoclax synergized
with SAHA and LBH589 and sensitized cells to HDACi/RTx. Over 50% of GSC cultures were
responsive to Obatoclax with either single agent. Combined with HDACi/RTx treatment,
Obatoclax increased caspase-3/7 and inhibited Bcl-2 family proteins Bcl-XL and Mcl-1
more effectively than other treatments. A set of predictive genes was identified for treat-
ment response, including the F-box/WD repeat-containing protein-7 &%) which was pre-
viously related to Bcl-2 inhibition and HDACI sensitivity. In conclusion, we emphasize the
functional relation between Bcl-2 family proteins and radiosensitization by HDACi and we
herewith provide a target for increasing responsiveness in a model of PTEN deleted glio-
blastoma by using the novel Bcl-2 family inhibitor Obatoclax.

4.1 Introduction

Patients with glioblastoma have a poor prognosis.! Thus far, maximally safe surgical resec-
tion and radiation therapy (RTx) with adjuvant temozolomide (TMZ) gives a median sur-
vival of 14.7 months.! The 06-Methylguanine-DNA methyltransferase ™™™ promoter meth-
ylation status is the most important biomarker that predicts response to current therapy.?
Some of the causes of poor outcome lie in the heterogeneity of the tumor and the multiple
escape pathways glioblastoma harbors.** Specifically targeting these resistance pathways
using combination therapies may be an approach to achieve better treatment results in
this disease. A novel therapy in glioblastoma that is currently under phase I/II investiga-
tion is the epigenetic modulatory treatment using histone deacetylase inhibitors (HDACi).
These drugs affect multiple pathways including apoptosis, autophagy and DNA damage
repair.’ We reported earlier that a subset of patient-derived glioblastoma stem-like cell cul-
tures (GSC cultures) showed resistance to the combination of RTx with the HDACi SAHA or
LBH589.° Both over-expression of Bcl-XL proteins as well as the maintained Bcl-2 proteins
post-HDACI treatment were related to this resistance.® Thus, regulation of Bcl-2 family
members may be an important mechanism in the resistance to HDACI as radiosensitizers.
Others have already shown that these proteins are important in resistance to HDACi as sin-
gle agents.” The Bcl-2 family regulates the intrinsic cell death pathway by controlling per-
meability of the outer mitochondrial membrane.® In addition, by binding the endoplasmic
reticulum, these proteins regulate autophagy by binding to Beclin-1.° Inhibiting these Bcl-2
family proteins may provide an effective strategy in overcoming resistance to HDACi.?°
A recent study has shown efficacy of the Bcl-2 inhibitor ABT-737 and SAHA in an immor-
talized glioma model. Efficacy was only observed in cell lines with an intact phosphatase
and tensin homolog ®™V) status. In our study, we aimed to inhibit the anti-apoptotic Bcl-2
pathway by using Obatoclax, to enhance the efficacy of SAHA and LBH589 as both single
agents and as radiosensitizers in the '™ deleted patient-derived GSC model.** Obatoclax
is a Bcl-2 family inhibitor which has higher affinity than ABT-737 to inhibit Bcl-XL, Mcl-1
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and to induce autophagy.'®**** Qbatoclax reduces Bak/Mcl-1-binding, up-regulates Bim and
subsequently induces cytochrome-C release and caspase-3-activity.’® The drug is currently
being tested in clinical trials for hematological cancers, non-small cell lung carcinoma and
extensive-stage small-cell lung carcinoma.!®®® Our study provides novel insights into the
efficacy of inhibiting the Bcl-2 family pathway by Obatoclax in overcoming resistance to
HDACI as radiosensitizers. In addition, gene expression prediction profiles for treatment
response to the various modalities were identified.

4.2 Materials and methods

Chemicals

Stocks of 50mM SAHA (Cayman chemicals, MI, USA), 200pM LBH589 (Biovision, CA, USA)
and 60mM Obatoclax (Selleck Chemicals, Texas, USA) were prepared in dimethyl sulfox-
ide (DMSO, Sigma-Aldrich, MO, USA) and stored at -20°C. Staurosporin was obtained from
BioMol, Germany.

Patient-derived glioblastoma stem-like cell cultures

Fresh glioblastoma tissue was obtained from patients undergoing surgery at the Depart-
ment of Neurosurgery, ErasmusMC (Rotterdam, The Netherlands) after informed con-
sent and approval by the institution’s medical ethical board. The tissue was dissociated
mechanically and enzymatically, after which the patient-derived GSC cultures were cul-
tured under serum-free conditions in DMEM/F12 medium supplemented with 2% B27 (Life
Technologies, UK), 20ng/ml bFGF, 20ng/ml EGF (Tebu-Bio, France), Sug/ml heparin (Sig-
ma-Aldrich, MO, USA) as was described previously." These patient-derived GSC cultures,
which were characterized and validated as previously reported.” The U373 cells were cul-
tures under 10% serum conditions in DMEM medium. The cultures were stored at 37°Cin a
humid 95% air/5% CO, chamber. In total, nineteen patient-derived GSC cultures were used
for the experiments.

Viability assays

Concentration-response assays were performed in order to determine IC_; values of Oba-
toclax. The cells of various GSC cultures were plated at 1x10° cells/well in 96-wells plates.
After incubation overnight, various drug concentrations in three-fold increments were
applied to the cells. At five and eight days post-treatment cell viability was measured
using the CellTiter-Glo assay (Promega, WI, USA). The results were plotted and the IC, val-
ues were computed using the median effect equation.” The IC, values of the HDACi SAHA
and LBHS59 in the GSC cultures GS79 and GS257 were derived from previous research.®
Subsequently, Chou-Talalay assays were performed on the GSC cultures GS79 and GS257
for Obatoclax in combination with the HDACI to determine synergy.?’ After assessment
of the combination effects in these two cultures, either two or four concentrations (10, 30,
100 and 225nM) were applied to the panel of patient-derived GSC cultures to determine the
combination effects. From these concentrations, an estimated IC_  was calculated for each
glioblastoma culture. The HDACI concentrations were always kept similar at lpM SAHA
and 20nM LBH589. The DMSO concentration was never above 1% in the dilutions. RTx
(3Gy) was applied as single-fraction treatment from a Cesium-137 source 24 hours after
drug application.

BCL-2 INHIBITOR OVERCOMES RESISTANCE TO HDAC INHIBITORS
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Western blot

Alteration of specific proteins post-treatment was determined by seeding cells of the GSC
culture GS257 in culture flasks with 225nM Obatoclax, 1 uM SAHA and the combination.
After 24 hours, the cells were irradiated with 3Gy. At 24 and 48 hours post-RTx, the cells
were harvested, washed with PBS and collected in a 1% Triton-X100 (Sigma-Aldrich) buffer
for protein isolation. Protein concentrations were measured with the BCA Protein Assay
Reagent Kit (Thermo Fisher Scientific, MA, USA). Protein separation was performed on a
4-15% pre-casted gel (Bio-Rad, CA, USA), and blotted onto a PVDF membrane (Immobilon-P,
Millipore, MA, USA) using the Mini-Protean Tetra Cell system (Bio-Rad). After blocking the
membranes with 5% non-fatty milk solution for 30 minutes at room temperature, the blots
were incubated with primary antibodies against Bcl-XL, LC3BI/II, Mcl-1 (1:375, Cell Signal-
ing, MA, USA) and anti-B-actin (1:5,000, Millipore) in 5% BSA/TBS-T overnight. Membranes
were washed with TBS-T 0.2% and incubated with secondary antibodies, anti-rabbit-HRP
and anti-mouse-HRP (1:2000, Dako Denmark A/S, Denmark) 1¥zh at room temperature and
detected by chemiluminescence using the Pierce ECL substrate (Thermo Fisher Scientific)
and the ChemiDoc MP system (BioRad). The data were analyzed using the ImageLab soft-
ware (Bio-rad).

Caspase-3/7 assay

The GS257 cells were seeded at 5x10° cells/well in a black 96-wells plate and incubated
with the treatment as performed in the viability and Western blot experiments (SAHA,
Obatoclax, after 24 hours RTx). Immediately after RTx, the cells were incubated with 5uM
of the kinetic apoptosis reagent of the CellPlayer 96-Well Kinetic Caspase-3/7 Apopto-
sis Assay (Essen Bioscience) and were live imaged by using the IncuCyte system (Essen
BioScience) with a 10X objective at 37°C in a humid 95% air/5% CO, chamber. The apopto-
sis-inducer staurosporin (20nM) was used as a positive control. Three fluorescent images/
well were collected up to 60 hours post-RTx. The caspase-3/7 activity was presented as
counted objects/mm? as measured by the IncuCyte software.

Gene expression analysis

The RNA of the original glioblastoma tissue corresponding with the glioblastoma cultures
was isolated with the RNeasy Mini kit (#74104, Qiagen Inc., CA, USA). The mRNA expres-
sion levels of were analyzed by the HumanHT-12 v4 Expression BeadChip microarray (Illu-
mina, CA, USA). The raw intensity values of all the samples were normalized using quan-
tile normalization with the Partek software, version 6.6 (Partek Inc., St. Louis, MO, USA).
Subsequently, the Partek Batch Remover was used to remove the effect of the differences
between the batches. The effect sizes of HDACi/Obatoclax, and RTx/Obatoclax in n=13 GSC
cultures (mRNA expression data of GS102 did not meet quality standards) were correlated
to the gene expression levels. The data were analyzed using the linear model function in
R package ‘stats’ (version 2.15.3) to identify genes that correlate to treatment responses
(Pearson’s R correlations). The p-values were adjusted for multiple comparisons using the
method of Benjamini & Hochberg.? The cut-off values for significantly expressed genes
were the adjusted p-values (p<0.05). The initially identified genes that significantly cor-
related with response were validated using a sample set of five additionally treated GSC
cultures (p<0.05). Heat maps of the genes were constructed by the OmniViz Treescape soft-
ware. The functional and network analyses of the identified genes were performed using
the QIAGEN's Ingenuity® Pathway Analysis (IPA®, QIAGEN Redwood Citywww.giagen.
com/ingenuity).
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Quantitative PCR on MGMT promoter methylation

The DNA of the various patient-derived GSC cultures was isolated and 100ng was used
for the quantitative polymerase chain reaction (PCR). The DNA samples were modi-
fied with sodium bisulphite using the EZ DNA Methylation GoldTM kit (Zymo Research,
Baseclear, The Netherlands) Primers specific for methylated and un-methylated MGMT
promoter DNA were used as described by others.? Methylation specific primers were F:
TTTCGACGTTCGTAGGTTTTCGC and R: GCACTCTTCCGAAAACGAAACG. The un-methyl-
ated specific primers were F: TTTGTGTTTTGATGTTTGTAGGTTTTTGT and R: AACTCCA-
CACTCTTCCAAAAACAAAACAQ. The PCR conditions were used as described by others.?
with annealing temperature of 59°C and 40 cycles of amplification yielding PCR products
for methylated and un-methylated DNA of 80 and 93 base pairs, respectively. The PCR
products were separated on a routine 2% agarose gel. As a methylated control the DNA iso-
lated from FFPE human colorectal cancer cell line SW48 was used and FFPE human tonsil
DNA was used as an un-methylated control. In addition, in each experiment a H,0 sample
without DNA was used as a negative contamination control.

Statistical analysis

For the viability and caspase-3/7 assay experiments, the means of triplicates were plotted
with the standard deviations. The Western blots were performed in singlicate. The results
were presented as a percentage of non-treated controls. The differences between treat-
ment effects were analyzed using the one-way ANOVA and a Tukey's Post-test for multiple
conditions. The statistical significance was defined as p<0.05. The differences in mean cell
viability between combinations were presented as effect sizes. In addition, we calculated
the enhancement factor of combination treatments, as was described by Chou.? In case of
an enhancement factors > 1 in combination with p<0.05, the combination was considered
effective and the GSC was defined as a responder.

4.3 Results

Patient-derived GSC cultures show differential sensitivity to Obatoclax

The IC, values of Obatoclax were determined in three patient-derived GSC cultures and
in U373 glioma cells in order to find the right concentrations for further screening. Then,
fourteen patient-derived glioblastoma cultures were screened for the combination treat-
ments, after which validation of the results was performed in another five cultures. If the
cultures were highly sensitive to Obatoclax, lower concentrations (10 and 30nM) of the
drug were used. As the MGMT promoter methylation and recurrence status is the most
established predictive marker of glioblastoma survival2, we evaluated whether treatment
efficacy was related to these factors. Also, the relation between the IC, values and Bcl-2/
Bcl-XL protein levels was investigated (Figure 1A-D, Table 1). The results show that Oba-
toclax reduced in the nanomolar range. The IC_, values as approached by median effect
equation, ranged from 17 - 562nM, varying per GSC culture. In total, eleven of nineteen
GSC cultures had a methylated MGMT promoter status and seven cultures were derived
from recurrent tumors. Neither of these parameters correlated to the IC_; values of Oba-
toclax (p<0.05). The protein level status of these cultures was retrieved from previous
research.® The protein levels were categorized as high or low. In cultures with high lev-
els of Bcl-2, the mean IC_  value is significantly higher than in other cultures (p=0.017). For
Bcl-XL, we observed a trend that higher IC_ values occurred in cultures with lower Bcl-XL
protein levels (p=0.09).

BCL-2 INHIBITOR OVERCOMES RESISTANCE TO HDAC INHIBITORS
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Figure 1A-D. Sensitivity of patient-derived GSC cultures to Obatoclax treatment.

(A) The immortalized glioma cell line U373 and the GSCs GS102, GS79 and GS257 were incubated with a concen-
tration-range of Obatoclax and the IC, values were calculated based on viability on day eight by median equa-
tion. Results show the viable percentage of cells compared to non-treated controls with standard errors.
(B) Cells of patient-derived GSCs were treated with at least three different concentrations of Obatoclax in the
nanomolar range. After eight days, viability was measured by CellTiterGlo-assay and the IC,; values were
determined by median equation. The graph shows the results of nineteen screened patient-derived GSCs.
(C) MGMT promoter and recurrence status of the patient-derived GSCs were related to the IC, values of Obato-
clax. (D) Bcl-2 and Bcl-XL levels were related to IC, values of the cultures for which this status was known.

Obatoclax synergizes with HDAC inhibitors culture-dependently in patient-derived GSC
cultures

To determine synergy between Obatoclax and the HDACi SAHA or LBH589, the Chou Tala-
lay method was used in the patient-derived GSC cultures GS79 and GS257. Next, the panel
of fourteen and five patient-derived GSC cultures were screened with the previously men-
tioned concentrations of Obatoclax, combined with SAHA and LBH589, and with or with-
out RTx. Also, the MGMT promoter methylation and recurrence status of the tumors were
related to responses to treatment. For both cultures GS79 and GS257, Obatoclax showed
synergistic effects with SAHA and LBH589 with combination indices < 1 (Figure 2A). The
combination efficacy widely varied in the panel of patient-derived GSC cultures: respond-
ers and non-responders were identified for all combination treatments (Table 1, Figure 3).
In the first set of glioblastoma cultures (n=14) eight cultures responded to SAHA/Obato-
clax treatment. In the validation set (n=5) four cultures responded to treatment. Enhance-
ment factors ranged from 1.2 - 14.3 with effect sizes ranging from 5% - 35%. Seven of the
fourteen cultures responded to LBH589/0batoclax treatment and three of the five cultures
in the validation set responded to treatment. The enhancement factors ranged from 0.9 -
4.9 with effect sizes of -6% - 26%. Obatoclax sensitized seven of fourteen GSC cultures to
radiation, and all the GSC cultures in the validation set responded to this treatment. The
enhancement factors ranged from 0.9-3.6 with effect sizes ranging from -5% - 26%. The
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MGMT promoter methylation and recurrence status were not related to the effect sizes of
the tested combination treatments (p>0.05) (Figure 2B).

Table 1. The characteristics and responses of the screened patient-derived GSC cultures.

The relevant characteristics are displayed, being the MGMT promoter methylation status, gender and whether
or not the culture was obtained from a patient with a recurrent tumor. The combination of treatments of Obato-
clax with either SAHA, LBH589 or radiation with 3Gy, shows differential responses in different patient-derived
GSC cultures. Dark grey = non-responsive to the proposed treatment; light grey = responsive to the proposed
treatment. Oba = Obatoclax. EF = enhancement factor; ES = effect size.

Oba/ Oba/
Gsc | memMmT Ic SAHA/ SAHA/ LBH589/ LBH589/
culture | status Recurrent () ObaEF ObaES  ObaEF ObaES RTx RTx
EF ES
GS102 M No 145 1.56 20.25% 1.26 0.36% 1.69 23.80%
GS160 UM No 18 1.51 19.68% 1.33 5.61% 143 23.36%
GS166 UM Yes 108 14 8.07% 1.5 18.05% 1.25 15.67%
GS184 M No 41 1.85 20.80% 177 26.10% 1.58 15.09%
GS216 M Yes 356 2.05 21.46% 11 7.25% 1.89 19.74%
GS224 M Yes 162 2.06 20.62% 1.74 17.07% 1.07 3.59%
GS245 UM No 150 2.23 13.65% 1.39 6.93% 1.31 5.89%
GS257 UM No 207 2.34 20.23% 1.3 8.24% 1.8 14.07%
GS261 M No 292 14.3 21.39% 117 11.97% 3.61 16.63%
GS274 M No 97 2.26 13.30% 149 7.86% 2 11.93%
GS279 M Yes 17 141 13.93% 115 10.12% 1.59 26.24%
GS281 UM No 126 142 14.74% 1.22 8.97% 091 -4.98%
GS289 UM No 347 2.64 20.29% 1 -0.12% 2.82 21.08%
GS323 M Yes 562 116 6.34% 119 7.65% 1.24 12.95%
GS324 M Yes 451 117 8.56% 0.92 -6.09% 114 8.65%
GS330 M No 262 1.29 4.78% 1.11 9.77% 1.19 13.40%
GS401 M Yes 229 1.21 8.12% 1.34 16.99% 1.24 9.79%
GS423 UM No 360 3.35 18.24% 11 8.22% 149 8.51%
GS79 UM No 288 2.74 34.54% 4.88 26.08% 145 10.25%

Obatoclax overcomes resistance to HDAC inhibitors as radiosensitizers in patient-
derived GSC cultures

To evaluate whether treatment with Obatoclax sensitizes patient-derived GSC cultures to
HDACI as radiosensitizers, the nineteen patient-derived GSC cultures were evaluated (Fig-
ure 2C). The co-treatment with Obatoclax resulted in a significant reduction in cell viabil-
ity compared to the combination treatment of RTx and SAHA without Obatoclax. However
the effect sizes of triple treatment were small, since the ATP-levels at day eight show that
either HDACi/Obatoclax, Obatoclax/RTx or HDACi/RTx already killed the largest part of
the cell population. In the patient-derived GSC cultures GS257, GS274, GS224 and GS401,
the effect sizes ranged from 5 - 9% and the enhancement factor ranged from 1.1- 2.2 (GS257
and GS274 shown in Figure 2C). The addition of Obatoclax to the combination treatment of
LBH589/RTx did not result in significant additional treatment effects.

BCL-2 INHIBITOR OVERCOMES RESISTANCE TO HDAC INHIBITORS
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Figure 2A-C. The effect of Obatoclax on HDACi and radiation treatment in patient-derived GSC cultures.

(A) Left: Concentration-range assays to determine synergy between Obatoclax and SAHA and LBH589 were
performed on GSCs GS79 (sensitive to HDACi/RTx treatment) and GS257 (resistant to HDACi/RTx). After eight
days of incubation viability and synergism were determined. Means of triplicate tests are shown with the
standard deviation. Right: The combination indices (CI) corresponding to the viability graphs in Figure 2A were
calculated. Synergy was observed in both GSCs for the HDACi and Obatoclax with CI <1 (CI=1 corresponds to
additive effects, CI>1 corresponds to antagonism). (B) The MGMT promoter and recurrence status of the GSCs
were related to the effect sizes of the SAHA/Obatoclax, LBH589/0batoclax or RTx/Obatoclax treatments. No
significant relations were found. (C) The results on viability at day eight, of two patient-derived GSC cultures
treated with Obatoclax combined with SAHA or LBH589, RTx and all possible combinations. O = Obatoclax, RTx
=radiation. */**/***/**** Indicate significance at p<0.05 for the different combination treatments compared to
asindicated in the graphs by the vertical lines.
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Figure 3A-C. The effects of Obatoclax on HDACI in patient-derived GSC cultures.

(A) Nine (left, high concentrations) and five (right, low concentrations) patient-derived GSC cultures were
treated with two different concentrations of Obatoclax and SAHA (1uM). After eight days viability was meas-
ured by CellTiterGlo-assay. Responders (green bars) and non-responders (red bars) were identified. The color
blue indicates significance at the p<0.05 level for one of the concentrations. (B) Nine (left, high concentrations)
and five (right, low concentrations) patient-derived GSC cultures were treated with two different concentra-
tions of Obatoclax and LBH589 (20nM). After eight days viability was measured by CellTiter-Glo assay.
Responders (green bars) and non-responders (red bars) were identified. The color blue indicates significance at
the p<0.05 level. (C) Nine (left, high concentrations) and five (right, low concentrations) patient-derived glio-
blastoma cultures were treated with two different concentrations of Obatoclax and RTx (3Gy). After eight days
viability was measured by CellTiter-Glo assay. Responders (green bars) and non-responders (red bars) were
identified. The color blue indicates significance at the p<0.05 level.

Obatoclax triggers apoptosis and induces autophagy in both HDAC inhibitor and HDACi/
RTx combination treatment

The CellTiter-Glo assay at day eight may have underestimated the effects of triple treat-
ment due to the lack of differentiation between the effective treatments. Also, we hypoth-
esized that early treatment differences could be observed by studying the important cell
death mechanisms of the Bcl-2 pathway: apoptosis and autophagy.?® Therefore, we stud-
ied early caspase-3/7 activation, which could provide more insights into the difference
in efficacy between triple and combination treatment. The activated caspase-3/7 levels
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were monitored over time for SAHA concentrations at which additional effects after tri-
ple treatment were observed in the viability assay. The HDACi SAHA and the Bcl-2 family
inhibitor Obatoclax activated the caspase-3/7 activity at both 48 and 60 hours post-treat-
ment (Figure 4A). There was no additional caspase-3/7 activation in case of the combi-
nation treatment of SAHA and RTX, in comparison to single agents alone. Combination
treatment of RTx/Obatoclax did not increase caspase-3/7 activity in comparison to single
agent treatment either. In both SAHA/Obatoclax and SAHA/Obatoclax/RTx treated cells,
increased caspase-3/7 activity was observed at 48 and 60 hours (p<0.05), with SAHA/
Obatoclax/RTx being significantly more effective than SAHA/Obatoclax (p<0.05). As well
as inducing caspase-dependent apoptosis, the Bcl-2 family proteins play a crucial role in
autophagy and autophagosome formation which can be studied by conversion of LC3BI/II
proteins. Treatment of GS257 cells with either SAHA, RTx and SAHA/RTx did not result in
conversion of LC3I/LC3II at 48 and 72 hours post-treatment (Figure 4B). On the contrary,
treatment with Obatoclax strongly induced autophagy at 48 hours post-treatment. Oba-
toclax increased both LC3I and LC3II in combination with RTx. In the SAHA/Obatoclax
and Obatoclax/SAHA/RTx treated cells, LC3BI/II conversion (LC3II divided by LC3I) was
observed at both 48 and 72 hours post-treatment. The triple treatment showed a higher
ratio of LC3BI/II conversion.

Obatoclax combined with HDACi and HDACI/RTx effectively decreases Bcl-XL and Mcl-1
As increased autophagy and apoptosis were observed in both the combination and triple
treatment, we related these effects to altered levels of the anti-apoptotic Bcl-2 proteins
Bcl-XL and Mcl-1 in the patient-derived glioblastoma culture GS257 (Figure 4C). The pro-
tein levels of Bcl-XL were decreased by Obatoclax at 48 hours post-treatment, but after
72 hours the levels were similar to controls. The HDACi SAHA even induced Bcl-XL pro-
tein levels at 48 hours, whereas at 72 hours, these levels were again similar to controls.
The combination treatments of SAHA/RTx and Obatoclax/RTx did not affect Bcl-XL pro-
tein levels, whereas SAHA/Obatoclax and SAHA/Obatoclax/RTx completely eliminated
Bcl-XL protein levels after both 48 and 72 hours. For Mcl-1, the most important effects were
observed 48 hours after RTx: the levels were decreased by Obatoclax/RTx, Obatoclax/
SAHA and to a larger extent by Obatoclax/SAHA/RTx. All these treatments induced addi-
tional Mcl-1 bands on the Western blot at both 37kDa and 25 kDa. The Mcl-1 protein levels
(37 and 40 kDa) of cells treated by the latter two treatments were relatively low compared
to the other combination treatments at 72 hours. In addition, the two additional Mcl-1
bands were induced by these treatments at both 15 and 17 kDa. These bands may corre-
spond to cleaved Mcl-1, which has been associated with activation of apoptosis.
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Figure 4A-C. The mechanisms involved in the efficacy of the combination treatments.

(A) Cells of the GSC GS257 were treated with Obatoclax (225nM), SAHA (1uM) and all possible combinations.
After 24 hours, cells were radiated or not (controls) with 3Gy. Caspase-3/7 reagent was added to the wells, the
plates were placed in an IncuCyte and followed for 60 consecutive hours. Fluorescence was measured using the
IncuCyte software. *Indicates significance at p<0.05 compared to non-treated controls. **/***Indicate signifi-
cance at p<0.05 of the treatments, compared to the treatments as indicated by the vertical bars. 0=Obatoclax;
RTx=radiation. (B) The GSC cultures GS257 were treated as in Figure 4A. Cells were collected either 24 or 48
hours post-treatment with RTx. The conversion of LC3BI/II, indicating autophagy was studied by using the
Western blot analysis. (C) The cells of the GSC culture GS257 were treated as in Figure 4A. Cells were collected
either 24 or 48 hours post-treatment with RTx. The anti-apoptotic Bcl-2 family proteins Bcl-Xl and Mcl-1 were
studied by using the Western blot analysis.
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Levels of specific genes correlate with response of GSC cultures to combination treat-
ments with Obatoclax

In order to identify predictive markers for treatment response, the gene expression levels
of the original tumor were related the treatment response of the fourteen patient-derived
GSC cultures. The quality assessment of the gene expression array data showed that data
of thirteen samples could be used for the analysis (GS102 was excluded). The validation of
the identified genes that correlated with treatment response was performed in an inde-
pendent set of five patient-derived GSC cultures. This resulted in a specific set of genes
of which levels were related to treatment response in both the initial and validation set.
For selection, at least a 1.5-fold change (log-2 scale) was the minimum difference in gene
expression between the most and the least responsive patient-derived glioblastoma cul-
ture. The functions of the identified genes were analyzed using the QIAGEN’s Ingenuity®
Pathway Analysis. We focused on the functions and networks of the genes which were asso-
ciated with the combination responses. Table 2A shows the gene lists per treatment, the
correlation coefficient with the treatment effects and the fold-change difference in gene
expression levels between the most and least sensitive corresponding glioblastoma cul-
ture. The responses to LBH589/0batoclax treatment were related to gene expression lev-
els of ten genes, being the non-coding RNA NCRNA00086, transmembrane protease serine
3 (TMPRSS3), proto-cadherin gamma-subfamily B6 (PCDHGB6), small integral membrane
protein 21 (LOC284274), forkhead box K1 (LOC642782 or FOXK1), vasoactive intestinal pep-
tide (VIP), zinc finger and SCAN domain containing 23 (ZSCANZ23), F-box and WD repeat
domain containing 7, E3 ubiquitin protein ligase (FBXW7), microRNA 325 (MIR325), and G
protein-coupled receptor 52 (GPR52) (Figure 5A,D). This set genes were found to be func-
tioning in processes of cell cycle (FBXW7, VIP, FOXKI), cell death and survival (VIB FBXW7,
PCDHGBS6) and cell morphology (FBXW7, VIP) as top three gene functions (Table 2B).
Another group recently showed that mutations in FBXW7 were related to SAHA-induced
cell death and Bcl-2 inhibition.' The genes that were related to responses to Obatoclax/
RTx treatment were ST6 (alpha-N-acetyl-neuraminyl-2,3-beta-galactosyl-1,3)-N-acetylga-
lactosaminide alpha-2,6-sialyltransferase 5 (ST6GALNACS5), EGF-like, fibronectin type III
and laminin G domains (EGFLAM), ABI family member 3 (NESH) binding protein (ABI3BP),
beta-carotene oxygenase 1 (BCOI) and DIRAS family GTP-binding RAS-like 1 (DIRAS]) (Fig-
ure 5B,E). These genes were involved in cellular development and cellular growth and pro-
liferation (DIRASI), as well as lipid metabolism (BCOI, ST6GALNACS). Moreover, all the
five genes were found to function in the same network, namely a cell cycle network (Table
2B). The responses to SAHA/Obatoclax treatment were related to one gene, namely ubiqui-
lin 1 (UBQLNI) (Figure 5C). This gene is involved in cell morphology, cellular compromise
and cell death and survival according to the functional analysis. In summary, we present a
number of genes that is related to the responses of patient-derived glioblastoma cultures
to combination treatments with Obatoclax, RTx and HDACI. Functional analysis showed
that most of these genes were related to cell regulatory aspects including cell death and
survival, as well as cycle regulatory processes.
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Figure 5A-E. Expression profiling of the response to treatment.

(A) The gene expression levels that were associated with the effect sizes to LBH589/Obatoclax treatment. Crite-
ria were a p-value of <0.05, and a correlation coefficient of >0.5 or <-0.5. The gene expression intensity levels are
displayed on log-2 scale. (B) The gene expression levels that are associated with the effect sizes to RTx/Obato-
clax treatment. Criteria were a p-value of <0.05, and a correlation coefficient of >0.5 or <-0.5. The gene expres-
sion intensity levels are displayed on log-2 scale. (C) The gene expression levels that are associated with the
effect sizes to SAHA/Obatoclax treatment. Criteria were a p-value of <0.05, and a correlation coefficient of >0.5
or <-0.5. The gene expression intensity levels are displayed on log-2 scale. (D,E) Heat map of the genes that cor-
related to the effect sizes of the combination treatments of LBH589/0batoclax, RTx/Obatoclax and SAHA/Oba-
toclax Gene expression levels: red, up-regulated genes compared with the geometric mean; blue, down-regu-
lated genes compared with the geometric mean. The color intensity correlates with the degree of change. The
green-to-red intensity bar correlates with the degree of change in effect sizes of the corresponding GSC
cultures.
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Table 2. List of genes and functions related to the response of GSC cultures to Obatoclax combination
treatments in vitro.

(A) The gene expression levels that were associated with the effect sizes of the several treatments with Obato-
clax. The criteria were p-value of <0.05, a correlation coefficient of >0.5 or <-0.5. The intensity levels are displayed
on log-2 scale. Corr. = correlation; FC = fold change between the least and most sensitive patient-derived GSC
cultures. (B) The functions and networks of the specific genes derived from the Ingenuity Pathway Analysis.

Gene | LBH589/0ba Corr, Chrom. ~Least — Most  FC
Locus sensitive sensitive (log)
long intergenic non-protein
1 NCRNAO00086 coding RNA 86 -0.70 X 7.02 10.23 3.21
2 TMPRSS3 transmembrane protease, ;. 21 594 886 292
serine 3
3 PCDHGB6 protocadherin gammassub- ;¢ 5 7.86 1026 240
family B, 6
4 Loczsazza  SMIM2lsmallintegralmem- -, 18 6.21 787 166
brane protein 21
5 LOC642782 -071 8.74 10.28 1.53
6 VIP vasoactive intestinal poly- o 6 10.12 853  -1.59
peptide
7 ZSCAN23 zinc finger and SCAN domain ., 6 8.67 702 -165
containing 23
F-box and WD repeat domain
8 FBXW7 containing 7, E3 ubiquitin 0.71 8.09 6.22 -1.87
protein ligase
9 MIR325 microRNA 325 0.70 X 8.55 6.52 -2.03
10 GPR52 G protein-coupled receptor 52 0.70 1 9.29 7.14 2.14
Gene | SAHA/Oba corr. Chrom. ~Least — Most  FC
Locus sensitive sensitive (log)
1 UBQLN1 ubiquilin 1 0.78 9 14.17 13.00 -1.16
Gene RTx/Oba Corr. Chrom, Lees.t qu.t FC
Locus sensitive sensitive (log)
ST6 (alpha-N-acetyl-neu-
raminyl-2,3-beta-ga-
1 ST6GALNACS lactosyl-1,3)-N-acetyl- -0.74 1 9.27 13.21 394
galactosaminide
alpha-2,6-sialyltransferase 5
2 EGFLAM EGF-like, fibronectin type Il 5 6.19 960 342
and laminin G domains
3 ABI3BP ABIfamily, member3 (NESH) 3 10.16 1316  3.00
binding protein
4 BCMOL beta-carotene 15,15-monoox- ., ;¢ 1047  12.83  2.36
ygenase
5 DIRASI DIRAS fa“ﬁiéﬂp'bmdmg 073 19 1275 1108 167
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Table 2B. The top three functions and networks of the genes that are related to the response to Obatoclax
combination treatments in vitro.

LBH589/0ba

Function Gene

Cell Cyle FBXW?7, VIP, FOXK1
Cell Death and survival VIP, FBXW7, PCDHGB6
Cell Morphology FBXW?7, VIP
SAHA/Oba

Function Gene

Cell Morphology UBQLN1

Cellular Compromise UBQLN1

Cell Death and Survival UBQLN1

RTx/Oba

Function Gene

Cellular Development DIRAS1

g:;lt?(l)ir Growth and Prolif- DIRASI

Lipid Metabolism BCO1, ST6GALNACS
Cell Cycle* ABI3BP, BCO1, DIRASI1, EGFLAM, ST6GALNACS

4.4 Conclusion

In summary, this study underlines the potential of inhibiting the Bcl-2 family proteins
in combination treatment with HDACi and HDACi/RTx. Potential toxicities of combina-
tion therapies which may limit clinical use should be explored further. Examples could be
thrombocytopenia by inhibition of Bcl-XL26 and HDACi.?” Furthermore, we obtained pre-
dictive gene profiles that are associated with cellular regulatory functions for the combi-
nation treatments with Obatoclax. These gene sets may aid in further selecting the tumors
most responsive to treatment.

4.5 Discussion

The present study emphasizes the efficacy of the Bcl-2 family pathway inhibition by Oba-
toclax in sensitizing patient-derived GSC cultures to HDACi/RTx, and hereby circum-
venting a tumor-related resistance mechanism to treatment. The Bcl-2 family proteins
are heterogeneously expressed in glioblastoma as about 30%* to 60%%* shows over-rep-
resentation of these proteins.?>* Moreover, Bcl-XL levels in patient-derived glioblastoma
cultures have shown a relationship with resistance to HDACi/RTx response.® Here, we
demonstrate that Obatoclax acted synergistically with HDACi and show efficacy in a large
set of patient-derived glioblastoma cultures. Hereby we confirm that this pathway is an
adequate target to obtain treatment responses. The use of the serum-free patient-derived
glioblastoma culture model allowed to study resistance and tumor response mechanisms
in a more representative manner than in immortalized glioma cell lines." Importantly, this
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model provides a tool to develop predictive profiles of treatment response. The efficacy of
down-regulation of Bcl-2 and Bcl-XL in inducing spontaneous cell death was already shown
before.® This efficacy depended on neither MGMT promoter methylation status nor recur-
rence. Anumber of genes was found to be related to treatment response of patient-derived
GSC cultures to combination treatments. Others showed that the gene FBXW7 was related
to SAHA-induced cell death and Bcl-2 inhibition.! This points to a biological rationale in
Mcl-1 functioning to be predictive of treatment response to LBH589/0Obatoclax. The use
of these genes as potential markers for patient stratification or the functionality of these
genes in sensitivity or resistance to combination treatments should be explored in future
studies.

Others have studied the relationship between HDACi and Bcl-2 family proteins before. A
recent study has shown that the intact PTEN immortalized malignant glioma cell lines
are susceptible to the combination of SAHA and the Bcl-2 inhibitors ABT-737, whereas
PTEN mutations were not.** They also showed that inhibition of the PTEN/PI3K path-
way by BKM-120 sensitized glioma cells for ABT-737.3* The patient-derived GSC model we
used in this study is known to harbor PTEN deletions due to loss of chromosome 10q™?
and ensures that we tested the treatment efficacy in a setting of hyper-activation of the
PIK3-pathway. Therefore, this suggests that Obatoclax may be a more potent combina-
tion partner for HDACi in the PTEN deleted tumors than ABT-737. The main differences
between Obatoclax and ABT-737 are the stronger induction of autophagy* and the stronger
inhibition of Mcl-1 by the first drug which may be underlying to the efficacy in PTEN
deleted tumors.” Earlier, the efficacy of SAHA was related to Mcl-1 levels in acute myeloid
leukemia.* Another study showed that in diffuse large B-cell lymphoma, over-expression
of Bcl-2 and Bcl-XL triggered resistance to the HDACi SAHA and Trichostatin A, whereas
the Bcl-2 family inhibitor ABT-737 increased sensitivity to SAHA treatment. Also, the lat-
ter study showed that the least sensitive cells to SAHA showed up-regulation of Bcl-XL
and Mcl-1 proteins.*® The loss of pro-apoptotic Bcl-2 family proteins Bax or Bax/Bak ratios
are related to insensitivity to HDACI in Burkitt's lymphoma in a predictive and functional
sense.” In mantle cell lymphoma, the efficacy of SAHA was enhanced by the BH-3 mimetic
ABT-263.% In contrast, another study did not find HDACI efficacy to be related to Bcl-2
family proteins.®® Thus, these relationships between Bcl-2 family proteins and HDACi
responses may be either tumor type or HDACI specific. However, our study supports that
inhibition of the Bcl-XL and Mcl-1 proteins by Obatoclax is related to efficacy of SAHA
alone or in combination with RTx at multiple mechanistic levels. We observed restored
levels of Bcl-2 family proteins Bcl-XL and Mcl-1, occurring at 72 hours after Obatoclax,
HDACI and HDACI/RTx treatments. This observation indicates that Bcl-2 family members
are restored relatively quickly if not inhibited effectively, which in turn may contribute to
resistance to treatment.

As a mechanism of action, HDACi have shown to be able to down-regulate Bcl-2 family
members, however not in all heterogeneous tumors including glioblastoma.® Others sug-
gest that the up-regulation of pro-apoptotic members by HDACi are neutralized by high
levels of anti-apoptotic members such as Bcl-2 and Bcl-XL.* In squamous cell carcinoma
Mcl-1 was related to resistance to the BH3-mimetic ABT-737. The HDACi SAHA has the abil-
ity to sensitize tumor cells to this drug by shuttling the Bcl-2 family protein Bim from Mcl-1
to Bcl-2/Bcl-XL.1°
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Not only does Obatoclax enhance efficacy of HDACi/RT, it also enhanced the efficacy of
RTx as treatment alone. Thus, in many treatment modalities, including conventional glio-
blastoma treatment such as RTx, the Bcl-2 family members may play a crucial role. Oth-
ers have shown already that Bcl-2 family members are determinants of responsiveness to
treatment in glioblastoma. Bcl-XL levels were related to radioresistance in glioma*® and
Mcl-1 proteins regulate temozolomide efficacy in glioma independently of MGMT pro-
moter methylation status.” Here, we found that MGMT promoter methylation status and
tumor recurrence, which normally determine patient overall outcome,? were not related
to the applied treatments either. Thus, our results are unlikely to be determined by these
tumor statuses a priori.

The effect sizes of both SAHA and LBH589 in combination with Obatoclax correlated to
expression levels of specific genes. Gene profiles may provide an opportunity to include
predictive decision variables in treatment and patient selection. This may be of clinical
relevance specifically for the MGMT un-methylated tumors. We need to point out imme-
diately that these gene sets need further exploration in in vivo settings to be validated for
their clinical value. Although these gene sets do not necessarily implicate mechanisms of
action of the proposed treatments, they may provide insight into resistance mechanisms.
FBXW?7, the gene associated with LBH589/Obatoclax response, was shown to have a rela-
tionship with response to SAHA before, as well as to Bcl-2 inhibition. Both FBXW7 and
Bcl-2 inhibition were predictive for efficacy of SAHA in squamous cell carcinoma. Mutated
FBXW?7 sensitized cells to HDACI and stabilized Mcl-1.1° FBXW7 encodes for the protein
ubiquitin protein ligase and is positively related with the effect size of LBH589/0batoclax
in our study. Obatoclax has the potency to inhibit Mcl-1, and is more effective in combi-
nation with LBH589 in tumors that highly express FBXW7. Moreover, the whole gene set
which was related to LBH589/0batoclax response was associated with cell cycle and cell
death and survival mechanisms, represented by the four genes FBXW7, VIE FOXKI and
PCDHGBS6. This was also true for the gene ubiquilin 1 (UBQLNI), which was associated to
SAHA/Obatoclax response. This gene functions in cell death and survival as well. In addi-
tion, response to RTx/Obatoclax was associated to genes that function in the cell cycle and
cellular proliferation as well. Basic studies should be performed to assess the direct rela-
tionship between the function of these genes and the success rate of Obatoclax, but the
genes provide insights into the process of cellular responses. Our data on cell regulation
by caspase-3/7 and autophagy are therefore potentially important mechanisms of action
in the response to combination treatment.
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Abstract

Glioblastoma is the most aggressive primary brain tumor and refractory to current ther-
apies. Clinical implementation of new drugs can take years. Therefore we screened 446
clinically approved drugs in twenty patient-derived glioblastoma stem-like cultures
(GSCs) to identify effective agents that allow faster implementation. Cell viability was
assessed and ‘hits’ were validated. Effects on cell cycle inhibition, apoptosis and 3D-cell
invasion were studied. Toxicity was determined in normal human astrocytes. In silico
analysis on mechanisms was done using differences in gene expression that related to
drug response. Drug response was related to tumor characteristics including O-6-methyl-
guanine-DNA-methyltransferase (MGMT) promoter methylation and primary/recurrence
status. Twenty-one effective agents were identified. Using efficacy and toxicity criteria,
amiodarone, clofazimine and triptolide were selected and showed efficacy based on IC_
values in 20 distinct GSCs. The cytotoxic effects were higher in the GSCs than in human
astrocytes. MGMT promoter methylation nor primary/recurrence status were related to
drug response. Caspase-3/7 activity was induced by all drugs, amiodarone affected the cell
cycle, and triptolide and amiodarone inhibited 3D-cell invasion. Amiodarone, clofazimine
and triptolide are effective clinically-applicable anti-glioblastoma drugs in an extensive
panel of genetically diverse GSCs and represent promising candidates for evaluation in
preclinical models.

5.1 Introduction

Glioblastoma is a highly aggressive primary brain tumor which has a median survival of
14.7 months despite surgical resection, fractionated radiation and adjuvant chemother-
apy.* The neuro-oncology field has developed a variety of novel treatment approaches,
however, thus far these have not led to significant improvement in patient outcome.? Novel
approaches based on the development of new agents can take many years to translate clin-
ically. Among the strategies to reduce this time frame, efforts are now being undertaken
to investigate drug repurposing. With this approach, compounds available for a specific
indication are evaluated for their therapeutic efficacy in other diseases, which could lead
to fast-track implementation in the clinical setting.® Drug development research in glio-
blastoma has relied traditionally on established high-passage cell lines and in vivo models
derived from these cells. With the development of patient-derived serum-free tumor stem-
like cell cultures (GSCs), an in vitro drug screening model has become available that better
recapitulates the tumor in situ, in terms of both genetic stability and tumor heterogene-
ity.5” Therefore, re-evaluation of available compounds using patient-derived GSCs may
lead to the identification of effective anti-glioblastoma agents that were not identified
for this indication in the past. Moreover, it is expected that the use of this model in drug
screening studies will potentially reduce false-positive ‘hits’, i.e., drugs that are effective
only in conventional serum-cultured cell lines and that do not translate to clinical ben-
efit. Finally, the representation of glioma inter-tumoral heterogeneity in the GSC model
allows the correlation of drug sensitivity to the molecular characteristics of the tumor, as
we have shown previously,® and can aid in the development of targeted and personalized
treatments.

In the current study, we aimed to identify novel anti-glioblastoma therapeutics by using

the NIH collection of 446 clinically applicable drugs.’ All of these agents, prescribed for
a broad range of therapeutic indications, are approved clinically and have known safety
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profiles. After identification of potential effective drugs on two GSC cultures, we assessed
efficacy in a panel of 20 distinct patient-derived GSCs. We assessed correlations between
drug response and molecular markers such as MGMT promoter methylation and primary/
recurrence status, as well as with whole genome gene expression levels. The identified
molecular mechanisms associated with the drug response were studied both in silico and
in vitro. The mechanisms of cell growth inhibition were studied, including apoptosis and
cell cycle arrest, as well as the effects on neurosphere invasion. In addition, the drug toxic-
ity was determined in normal human astrocytes. Together these studies led to the identifi-
cation of three effective compounds for the treatment of glioblastoma, namely the anti-ar-
rhythmic amiodarone, the antibiotic clofazimine and the anti-inflammatory triptolide.

5.2 Materials and methods

Clinical compounds

The NIH clinical collection of 446 clinically applicable agents was obtained from the NCI/
DTP Open Chemical Repository (http://dtp.cancer.gov).’ The compounds that were selected
for further evaluation and validation were reordered from separate sources. These com-
pounds included amiodarone, clofazimine, fluphenazine, tegaserod maleate, pitavastatin,
and triptolide from Sigma-Aldrich (MO, USA), rimcazole, salmeterol (R&D Systems, MN,
USA), and 5-nonyloxytryptamine, lacidipine, and perospirone (Sequoia Research Products
Ltd, UK). The compounds were dissolved in 10mM in DMSO and stored at -20°C.

Glioblastoma stem-like cell cultures

The patient-derived GSCs used in this study (Table 1B; Table 2B) were derived from the
brain tumor cell bank of the department of Neurosurgery, ErasmusMC. The use of patient
tumor material was approved by the institutional review board of the Erasmus Medical
Center, Rotterdam, The Netherlands. The patients’ written informed consent was acquired
for the use of patient material for our studies. The use of patient tumor material for the G9
cultures was approved by the Ohio state IRB.!° All GSCs were prepared and cultured in
serum-free medium, supplemented with B-27 Supplement (50X) minus antioxidants, EGF
(Gibco, Life Technologies, Paisley, UK), bFGF (Sigma-Aldrich) and 1% penicillin/streptomy-
cin (Gibco) as described previously." The cultures were maintained at 37°C in a humidified
95% air/5% CO, chamber. The cytotoxicity experiments were performed on human astro-
cytes (ScienCell, CA, USA), which were cultured in EGF supplemented Astrocyte Medium
(Gibco).

Viability assays

Patient-derived GSCs were seeded at 1x10° cells/well in 96-well plates coated with growth
factor-reduced Matrigel™ (BD Biosciences, CA, USA). After overnight incubation, the
treatments were administered at different concentrations depending on the screen. The
initial screen was performed at 100pM, the second screen was performed at 5 and 50uM
and the third screen was performed at 1 and 10uM. The compound selection for the second
screen was based on level of cytotoxicity in the initial screen. Cell viability was measured
after five days with the ATP-based CellTiter-Glo assay (Promega, WI, USA). In cases where
a compound reduced tumor viability by more than 75% compared to DMSO controls, it was
tested in the subsequent screen at lower concentrations. The initial screening was done
in singlicate in two patient-derived GSC cultures. After selection of drugs based on ini-
tial effects in both cultures, the compounds were validated. Validation was performed by
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dose-response assessment in a twenty distinct patient-derived GSC cultures in triplicate
using the CellTiter-Glo viability assay. IC, values were calculated using Excel software.”
The toxicity assays on primary human astrocytes were performed following the same reg-
imen as mentioned for the patient-derived GSC cultures.

Quantitative PCR of MGMT promoter methylation and whole genome mRNA expression
analysis

The MGMT promoter methylation status of the parental glioblastoma tissue correspond-
ing to the cultures was done as described previously.® The parental tissues were also used
for whole genome mRNA expression array using the HumanHT-12 v4 Expression BeadChip
method (Illumina, San Diego, CA, USA). Data quantile normalization and removal of batch
effects were done as previously described.” The IC, values were correlated to gene expres-
sion using the linear model function in the R program and Pearson’s R correlations were
calculated. The method of Benjamini & Hochberg'® was used to adjust p-values. The cut-
off values for significantly expressed genes were the adjusted p-values, and considered
p<0.05 combined with a correlation coefficient of <0.05 or >0.5. The heat maps were made
in Omniviz software (Instem, Staffordshire, UK) and contain log2 transformed expression
data of mRNA after calculation of the geometric mean. The functional annotation and bio-
marker analysis of the microarrays, as well as upstream regulator and network analyses
were done using the QIAGEN’s Ingenuity® Pathway Analysis (IPA®, QIAGEN Redwood
City, CA, USA).

Invasion assays

Four-well chamber slides were coated with PureCol type I bovine collagen solution
(Advanced BioMatrix, San Diego, CA, USA) and kept on a plate at 37°C until it hardened.
Then, another layer of liquid collagen was added to the collagen layer, and patient-derived
serum-free cultured glioblastoma neurospheres of G9, GS79, GS184, GS257 and GS401
were seeded in three spheres per well. Then, the neurospheres were treated with the com-
pounds amiodarone (1.5uM), clofazimine (1.5uM), and triptolide (10nM) and placed in a
37°C humified 95% air/5% CO, chamber. Every 24 hours, both fluorescent and phase-con-
trast pictures were made using a Nikon Eclipse Ti inverted microscope with a 4X mag-
nification. Viability assessment at early time points for the concentrations used in the
3D-invasion assay was done using Cell-Titer-Glo (Promega) at 24, 48 and 72 hours after
treatment. The images for morphological changes of the cells were made using a Zeiss Axio
Observer D1 Fluorescence Microscope (Zeiss, Jena, Germany) using 40x magnification.

Cell cycle analysis

GS79 cells were seeded at 2.5x10* cells/well 6-well plates and treated with the different
compounds, amiodarone (1.5uM), clofazimine (SpM) and triptolide (10nM). After 24, 48
and 72 hours, the cells were collected and washed with PBS. The cells were prepared with
the Muse® Cell Cycle Assay Kit (#MCH100106, Millipore, CA, USA) and GO/GL, S, and G2/M
phase distributions were measured using the Muse Cell Analyzer (Millipore, USA). This
assay is based on the whole-cell staining with propidium iodide (PI). The results were ana-
lyzed using the Muse Cell Analyzer and are displayed as fraction of cells in the specific cell
cycle phases (GO/G1, S or G2/M) as a percentage of non-treated controls.
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Caspase-3/7 assay

GS79, GS102 and GS257 cells were seeded at 5x10° cells/well in GFR-Matrigel-coated
black-walled 96-well plates. After 24 hours, the cells were treated with either amiodarone
(1.5pM), clofazimine (5pM) or triptolide (10nM). Then, the CellPlayer™ Kinetic Caspase-3/7
Apoptosis Assay Kit (Essen Bioscience, Ann Arbor, MI, USA) was added at a concentra-
tion of 5uM in each well. The plates were placed in a fluorescence life-imaging microscope
(Nikon, Tokyo, Japan) at a 4X magnification, measuring fluorescent spots for a period of
30 hours post-treatment. The experiments were performed in triplicate. ImageJ software
(NIH) was used to count the fluorescent spots per well. The results are displayed as counts
perimage as percentage of non-treated controls + standard error.

Statistical analysis

The experiments were performed in triplicate. The results were presented as mean per-
centage with the standard errors. To compare effects of different treatments between
groups of MGMT promoter methylation or recurrence, the Student’s T-test was used,
and statistical significance was reached if p<0.05. Correlation analyses were performed
using the Pearson R’ correlation test. The caspase-3/7 data were analyzed using the two-
way ANOVA with a Tukey’s Post-test, comparing the non-treated versus the treated cells
over time. The therapeutic index of the drugs were calculated by dividing the IC, value of
the drug on primary human astrocytes, by the IC_ value of the drug on the various GSC
cultures.

5.3 Results

Drug screening identifies 21 effective anti-glioblastoma agents in two patient-derived
GSC cultures

An initial cell viability screen of 446 agents from the NIH Clinical Collection at multiple
concentrations was performed in two distinct patient-derived GSCs; GS79 and GS102,
which fall into the “classical” and “neural” transcriptionally defined glioblastoma sub-
types, respectively.!® This initial screen resulted in the identification of 21 agents, which
reduced cell viability by more than 75% at concentrations up to 10puM in both GSCs (Table
1A). At 1pM, five agents were identified as potential anti-glioblastoma compounds, namely
docetaxel, doxorubicin, epirubicin, idarubicin, and triptolide. At 5uM, nine agents were
effective, namely 5-nonyloxytryptamine, clofazimine, rimcazole, salmeterol, tegaserod
maleate, dactinomycin, homoharringtonine, vincristine and vindesine. At 10pM, seven
drugs inhibited the viability of both cultures, namely amiodarone, cerivastatin, fluphena-
zine, itavastatin, lacidipine, perospirone, and 10H-phenothiazine. These compounds
represented several distinct classes of drugs including anthracyclins, actinomycines, dit-
erpenes, microtubule assembly-inhibitors, non-chemotherapeutic 3-hydroxy-3-methyl-
glutaryl-CoA (HMG-CoA) reductase-inhibitors, serotonergic/dopaminergic drugs and
ion-channel inhibitors. One of the anti-neoplastic drugs was doxorubicin, a well-known
anti-glioma drug but which lacks the capability of penetrating the blood brain barrier. As
we expected this drug to be a ‘hit this result serves as a validation of the screening pro-
cedure. After further selection, 12 of the 21 drugs (indicated in grey, Table 1A) were further
evaluated in vitro. The selection was based on the efficacy at low concentrations in this
patient-derived GSC model. There were 8 anti-neoplastic drugs that are already known to
be ineffective or have clinical limitations in glioblastoma, and for one drug the chemical
structure was not available. These drugs were therefore excluded from further validation.
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Table 1A. The identified anti-glioblastoma agents after the initial drug screen.

Cell viability of GS79 and GS102 was measured after five days of incubation with the drug by CellTiter-Glo assay.
The second column indicates molecular weight (Mw). The ‘x’ indicates the concentration at which effectiveness
was observed: > 75% reduction of cell viability in both glioblastoma cultures. For each drug the clinical applica-
tion is noted. The last column indicates whether currently there is a trial ongoing with this drug as anti-cancer
agent in patients. The grey rows indicate the drugs that were investigated further on.

Drug name MW 10pM 5pM  1pM Clinical indication Cancer trial
Triptolide 360 x ‘:;‘;;Z‘;S}j:“c immuno- (Minnelide)
Docetaxel 808 X  Antineoplastic Yes
Doxorubicin Hel 544 X Antineoplastic; antibiotic Yes
Epirubicin Hel 544 X  Antineoplastic Yes
Idarubicin Hel 497 X Antineoplastic Yes
Snonyloxytryptamin 303 X (5):11;[; R No
Clofazimine 473 X Anti-inflammatory No
Rimcazole 321 X Antipsychotic; anticonvulsive No
Salmeterol 415 X Anti-asthmatic No
Tegaserod Maleate 417 X Anti-IBD/dyspepsia No
Dactinomycin 1255 X Antimycotic Yes (glioma)
Homoharringtonine 546 X Antineoplastic glz)?la(lilt\gl;ria)
Vincristine sulfate 923 X Antineoplastic Yes
Vindesine sulfate 852 X Antineoplastic Yes
Amiodarone HCI 645 X Antianginal; antiarrhythmic No
Cerivastatin Na 459 X Antihypercholesterolemia No
Fluphenazine 474 X Antipsychotic Yes (M. Kahler)
Itavastatin Ca 881 X Antihypercholesterolemia No
Lacidipine 456 X Antihypertensive No
Perospirone Hcl 463 X Antipsychotic No
10H-phenothiazine 199 X Antipsychotic; Antiprotozoal No

Validation of the 12 selected compounds in a panel of patient-derived GSCs

To validate the efficacy of the compounds identified in the initial screen, the IC, values
of the 12 selected compounds were determined using an ATP-based viability assay in a
panel of seven patient-derived glioblastoma cultures: GS79, GS102, GS184, GS335, GS357,
GS359 and GS401 (Table 1B). Triptolide was effective at the lowest concentration (aver-
age IC_ = 10.00nM * 0.01). The mean IC, values for the other eleven drugs were 0.51pM *
0.33 for cerivastatin, 0.88uM = 2.24 for tegaserod maleate, 1.87uM + 0.40 for 5-nonyloxy-
tryptamine, 1.87uM = 0.71 for clofazimine, 2.30pM * 0.97 for amiodarone, 4.09uM * 3.22
for pitavastatin, 4.5uM # 1.15 for rimcazole, 6.0uM # 0.37 for salmeterol, 6.32uM = 2.01 for
lacidipine, 6.42puM + 3.83 for fluphenazine, and 6.98uM = 5.10 for perospirone. Figure 1
depicts the viability data of the initially screened GSC cultures GS79 and GS102 after treat-
ment with these twelve compounds. The IC, values of the other GSC cultures are shown
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in Table 1B. Six agents were selected for further studies, namely those that were effective
at lower concentrations in all 7 cultures and showed little variability in response between
the different cultures. The first to third interquartile ranges were taken for this purpose
(Table 1B). These drugs were triptolide, amiodarone, clofazimine, 5-nonyloxytriptamine,
tegaserod maleate and cerivastatin.
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Figure 1. The effect of the twelve identified and selected anti-glioblastoma agents on the viability of patient-
derived GSC cultures.

The serum-free cultured patient-derived GSCs GS79 and GS102, which were used for the initial screen, were
treated with a dose range of the twelve identified compounds and viability was assessed after five days of incu-
bation. Results are presented as percentage of non-treated controls with the standard error. IC, values were
calculated by median equation.
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Table 1B. Validation of the 12 drugs in different patient-derived glioblastoma cultures.

The data revealed variability in IC, values in the GS79, GS102, GS184, GS335, GS357, GS359 and GS401. The val-
ues indicate the IC, in uM for all drugs. The drugs are ordered by the IC, values. The column on the far right
indicates the interquartile range Q75-Q25, which is taken as a measure for variability.

Drugs (pM)/ GS79  GS102 GSI84 GS335 GS357 GS359 GS401  IC,  Q75-Q25
GSCculture (mean)
Triptolide 0004 0004 0013 0027 0008 0004 0012 001 0023
Cerivastatin 009 056 043 056 117 0.17 0.59 0.51 1.08
;Frfflizet?d 078 12 0.62 1.22 084 058 092 o088
Clofazimine 343 184 12 182 199 173 106 1.87 093
i;g;?gptamme 171 146 164 278 163 192 198 1.87 132
Amiodarone 452 145 203 244 234 169 161 230 099
Pitavastatin 06 719 274 706 197 035 873 409 838
Rimcazole 5.55 595 3.53 3.34 473 5.55 2.89 4.51 3.06
Salmeterol 5.8 587 654 596 633 532 6.2 6.00 1.22
Lacidipine 589 348 1069 666 555 600 597 632 7.21
Fluphenazine 177 233 847 724 139 463 663 642 1213
Perospirone 2.55 2.7 5.87 18.27 8.86 3.55 7.09 6.98 15.72

Human astrocytes are less sensitive to amiodarone, clofazimine and triptolide than
GSCs

Next, we tested the selected drugs on low passage primary human astrocytes to gain
insight into potential toxicity. This revealed that cerivastatin, 5-nonyloxytriptamine and
tegaserod maleate were cytotoxic for human astrocytes at similar concentrations at which
tumor cell viability reduction was reached (Table 2A). The IC, values for the remaining
three drugs on cultured human astrocytes were significantly higher than in the GSC lines,
indicating potential tumor specificity. For amiodarone, clofazamine and triptolide IC_
values of 4.0uM, 3.1pM and 107.3nM were observed for human astrocytes, respectively.
These values compared favorably to the toxicity of the drugs in an additional large panel
of patient-derived GSCs as described below.

Table 2A. The three drugs that were excluded based on toxicity in normal human astrocytes.
The three drugs were added in three concentrations in micromolar (second column, C1, C2 and C3). Viability was
measured by CellTiter-Glo assay at day 5 post-treatment are shown in the third column, as percentage of non-

treated controls.
Concentrations (pM) Viability day 5
Drug [c1] [c2] [c3] [c1] [c2] [c3]
Cerivastatin 0.17 0.51 1.53 10.26% 5.27% 1.08%
5-Nonyloxytryptamine 0.67 2.00 6.00 38.75% 0.17% 0.30%
Tegaserod maleate 0.33 1.00 3.00 85.21% 1.10% 0.10%
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The effects of triptolide, clofazimine and amiodarone in twenty patient-derived GSC
cultures

The effects of triptolide, clofazimine and amiodarone on tumor cell viability were then
evaluated in twenty different patient-derived GSC cultures (Table 2B). In this panel of
GSCs two sets of cultures, namely a primary and recurrent GSC culture originating from
the same patient, were included. Heterogeneous responses to the drugs were observed.
For amiodarone the IC_ values ranged more than 10-fold from 0.4 - 5.0nM (median=1.8uM;
interquartile range (IQR)=1.5 - 2.3), for clofazimine the IC | values ranged almost 20-fold
from 0.6 - 9.8uM (median=2.0;IQR=1.1 - 3.4) and for triptolide the IC_ values ranged 15-fold
from 4 - 60nM (median=11.6;IQR=77 - 16.9). Comparison of the IC, values of the drugs
in the normal human astrocytes with the IC,, values of the drugs in the panel of GSCs,
revealed that astrocytes were relatively insensitive to amiodarone: 19/20 GSCs had a lower
IC,, value than the astrocytes. Clofazimine showed less toxicity in six of 20 GSC cultures
compared to the astrocytes, i.e. 14/20 cultures had a lower IC than the astrocytes. GSCs
were considerably more sensitive to triptolide than astrocytes: the IC_ values in astro-
cytes were higher than the average IC, value in the 19/20 GSCs (Figure 2B-C). The median
of the therapeutic indices was 2.22 (IQR = 1.7 - 2.6) for amiodarone, 1.58 (IQR = 0.8 - 2.7) for
clofazimine and 9.4 (IQR = 6.2 - 13.9) for triptolide.

Triptolide and amiodarone differentially affect GSC invasion

As glioblastomas grow highly invasively, the drugs were evaluated for their inhibitory
effect on glioblastoma invasion in vitro by using the 3D-spheroid invasion assay. Colla-
gen-embedded neurospheres of G9, GS79, GS184, GS257 and GS401 (Figure 3A-B) were
selected based on their invasiveness and origin: G9, GS79 and GS257 are highly invasive-
ly-growing glioblastomas. GS184 and GS401 are derived from the same patient at differ-
ent stages of disease progression, and were selected to study the differences in response
between a primary and recurrent culture. The effects of the three drugs on neurosphere
invasion were cell culture dependent. In G9 and GS79 cells, amiodarone (1.5pM) treatment
significantly decreased invasion compared to non-treated controls at 24, 48 and 72 hours
(p<0.05). Clofazimine (1.5uM) affected invasion of GS79 cells, and at multiple time points
of G9 and GS401 cells. In general, the GSC neurosphere GS401, derived from the recurrent
tumor of GS184, grew less invasively than its original counterpart (GS184) and was more
susceptible to inhibition of invasion by clofazimine than GS184. Triptolide (10nM) inhib-
ited invasion significantly (p<0.05) in G9 and GS79 neurospheres. As anti-invasive effects
could potentially be attributed to cell viability reduction, we measured drug-induced cell
death at 24, 48 and 72h (Figure 3C). Clofazimine moderately reduced viability at 48h and
72h post-treatment (p<0.05), whereas the other compounds did not, indicating that inhib-
itory effects on invasion were not caused by loss of viability at this dose. Figure 3D shows
the limited morphological changes induced by the drug concentrations at the correspond-
ing time points in GS79.
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Figure 2. The effects of amiodarone, clofazimine and triptolide on human astrocytes.
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(A) Primary human astrocytes were treated with a dose range of amiodarone, clofazimine and triptolide and

viability was assessed after five days of incubation. Results are presented as percentage of non-treated con-

trols. IC, values were calculated by median equation and are shown in the respective graphs (B) Microscopic

phase-contrast pictures of the human astrocytes showing effects on cell morphology at higher doses of the

three compounds, (40X magnification). (C) The IC_ values of the three compounds on human astrocytes (black

bars) in comparison to IC_ values of amiodarone (white bars), clofazimine (light grey bars) and triptolide (dark

grey bars) on a panel of 20 distinct patient-derived GSC cultures
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Table 2B. The three drugs screened on twenty patient-derived GSC cultures.

Cells were seeded 1x10° and incubated for five days with the various drugs. Viability was measured using Cell-
Titer-Glo assay. The IC, were calculated in pM. The primary GSC culture characteristics including MGMT pro-
moter methylation and recurrence status are depicted in the first two columns; M=methylated; UM=un-methyl-
ated; N=non-recurrent; Y=recurrent; TI = therapeutic index.

GSC MGMT Tumor Amio- Clo- Triptolide Amio- Clo- Triptolide
promoter recurrence darone fazimine darone fazimine
status status  1c_(uMm) IC, (M)  IC (uM) TI TI TI

GS79 UM N 2.35 1.17 0.007 1.70 2.65 15.33
GS102 M N 2.38 1.23 0.009 1.68 2.52 11.92
GS184 M N 1.74 1.03 0.013 2.30 3.01 8.25
GS203 M N 2.65 5.57 0.044 1.51 0.56 244
GS224 M Y 0.59 1.08 0.007 6.78 2.87 15.33
GS261 M N 147 2.84 0.017 2.72 1.09 6.31
GS279 M Y 1.09 3.55 0.012 3.67 0.87 8.94
GS323 M Y 1.96 9.78 0.06 2.04 0.32 1.79
GS357 M N 2.33 1.77 0.008 172 175 1341
GS359 M N 1.69 173 0.004 2.37 179 26.83
GS401 M Y 1.61 0.89 0.012 248 348 8.94
GS423 M N 496 2.64 0.011 0.81 117 9.75
GS166 UM Y 1.27 1.63 0.007 3.15 1.90 15.33
GS216 UM Y 1.55 2.27 0.017 2.58 1.37 6.31
GS245 UM N 1.86 8.52 0.008 2.15 0.36 1341
GS257 UM N 042 0.62 0.01 9.52 5.00 10.73
GS281 UM N 3.58 5.07 1 112 0.61 0.11
GS295 UM N 2.21 4.11 0.004 1.81 0.75 26.83
GS335 UM Y 244 0.55 0.027 1.64 5.64 397
GS365 UM N 1.63 2.19 0.018 245 142 5.96
Mean 1.80 198 0.01 2.22 1.58 9.35
IQR1 1.53 115 0.01 1.70 0.84 6.22
IQR3 2.36 3.69 0.02 2.62 2.70 13.89
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Figure 3. The effect of amiodarone, clofazimine and triptolide on invasion of patient-derived GSCs.
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(A) Microscopic phase-contrast images of the tumor neurosphere invasion assay of patient-derived GSC culture
G9. The tumor neurospheres were treated with amiodarone, clofazimine and triptolide and imaged immedi-
ately post-treatment (0 hour) and every 24 hours up to 72 hours (magnification 4X). (B) The results of the inva-
sion assays for the patient-derived GSC neurospheres G9, GS401, GS79, GS257 and GS184 are displayed as total
area of the neurosphere in time after treatment with the drugs at the indicated concentrations (mean total area
with standard errors). *Indicates significance at p<0.05. (C) The drug concentrations used in the tumor neuros-
phere-invasion experiments were evaluated for effects on viability at these time points in GS79 cells. Cell via-
bility was measured 24h, 48h and 72h post-treatment. The results are shown as % of non-treated controls with
standard errors. (D) Microscopic images of GS79 cells at 24h, 48h and 72h post-treatment (40X magnification).

68 CHAPTER 5



Molecular pathways and mechanisms related to response in patient-derived GSCs

The variability in sensitivity to the three drugs among the tested GSC cultures, prompted
us to seek markers related to these responses. First, the three drugs under evaluation
were studied in relation to known prognostic factors in glioblastoma. MGMT promoter
methylation status is currently considered the main prognostic biomarker in glioblastoma
and related to the standard of care therapy for glioblastoma, temozolomide.”” Therefore
we were specifically interested in the correlation between drug response and this marker.
No correlation was found between the drug sensitivity of the 20 patient-derived GSCs and
MGMT promoter methylation status of the parental tumor. Neither was there a correla-
tion between primary/recurrence status (Table 2B) and drug responses. To identify poten-
tial mechanisms involved in drug response, the IC, values were related to gene expression
levels in the parental tumors of the GSC cultures used for the screening studies, which
were determined by mRNA expression profiling (Figure 4B). A ‘Functional Analysis’ was
done using Ingenuity® Pathway Analysis (IPA) software. We focused on the functions and
networks of the genes, which were associated with drug response (Data on request, will
become available online). The genes associated with amiodarone response were related to
cell cycle regulation networks (3 in the top 10, Figure 4C, Supplemental Data 2) as well as
to cell death and survival networks (Supplemental Data 1). Representative genes related
to these functions were AHR, BRAF, E2F1/E2F2/E2F3, BIRC5, BRCA2, CDC20/CDC25B,
CASP9, FANCD2, RELN, and CDKN2D/CDKNZA. Clofazimine response was related to func-
tions involved networks of cellular growth and proliferation (Supplemental Data 1 and 2).
Important genes involved in responsiveness were BIRCZ, CASP7, MAP2K7, TNE, CAMKK2,
BCL2L12 and multiple collagens. Triptolide was associated with cell death and survival
networks, and the genes were related to these mechanisms as well, including CASPZ,
CLCN2, CPEBI, FANCC, FANCG, SNX7, KCNTZ, DNMI, RAB40A and CREBLI. Overall, these
data provide a comprehensive set of genes that show associations with drug response and
effects on cell regulatory pathways as identified by the in silico analysis.
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Figure 4. Correlation analysis of drug sensitivity with prognostic markers and mRNA gene expression
profiles.

(A) Correlation analysis of the IC_ values for amiodarone, clofazimine and triptolide in the 20 GSC cultures with
the MGMT promoter methylation status (M=methylated and UM=un-methylated) and for the recurrence status
of the original tumor. No significant differences in IC, values between groups were observed at p<0.05. (B) Heat
maps of the mRNA gene expression analysis, in which expression levels were correlated to the drug responses.
The data was analyzed with Partek Software and the heat maps were generated using OmniViz software. Gene
expression levels: red, upregulated genes compared with the geometric mean; blue, down-regulated genes
compared with the geometric mean. (C) The gene expression profiles of the original tumors were correlated to
the response in vitro of the 20 GSC cultures. The identified genes had a significant correlation (p<0.05) and a
correlation coefficient of < negative 0.5 or > 0.5. The genes were analyzed using the core analysis in the IPA soft-
ware. The top five functions of the identified genes are shown.
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Figure 5. The effect of amiodarone, clofazimine and triptolide on the cell cycle progression and apoptosis.

(A) Flow cytometry was carried out to analyze the cell cycle of GS79 cells treated with amiodarone (1.5uM), clo-
fazimine (1.5pM), and triptolide (10nM) for 24 and 48 hours. The DNA content indices are shown for each com-
pound for each time point in the figure. (B) Quantification of flow cytometry data is depicted as percentage of
treated cells in GO/G1, S and G2/M phase as percentage of control cells at 24 and 48 hours after post-treatment
(€) The effects of the three compounds on caspase-3/7 activity were evaluated in three patient-derived GSCs
GS79, GS102 and GS245, using the kinetic caspase-3/7 assay. After treatment with amiodarone (1.5uM), clo-
fazimine (1.5pM) or triptolide (10nM) the plates were placed in a life-imaging microscope. Every two hours a
fluorescence image was obtained at 4X magnification. The data were analyzed using ImageJ software and the
results are presented as counts/well minus the background apoptotic activity of control cells with the stand-
ard error. *Indicates significance at p<0.05.
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Amiodarone, clofazimine and triptolide differentially inhibit cell cycle progression and
induce caspase-3/7 in patient-derived GSCs

To evaluate whether the mechanisms suggested by the gene expression and in silico anal-
ysis were affected by the drugs, the effects on caspase-3/7 activity and cell cycle distribu-
tion were studied in GS79 cells. The drugs were tested at one concentration based on the
IC,, values in this culture (Table 2B). Cell cycle analysis by flow cytometry was performed
at 24h and 48h post-treatment (Figure 5A-B). Amiodarone (1.5uM) increased the fraction
of cells in the GO/Gl-phase at both time points (133% and 141% of controls at 24 and 48
hours post-treatment). Both S-phase fraction and G2/M-phase fractions were reduced by
amiodarone. Clofazimine (1.5uM) decreased the fraction of cells in the G2/M-phase. Trip-
tolide (10nM) did not significantly affect cell fractions except G2/M fraction at 24h (Fig-
ure 5A-B). In conclusion, amiodarone and clofazimine induced accumulation of cells in
GO0/G1, amiodarone inhibited the fraction of cells in S-phase, whereas the proportion of
cells in G2/M phase were affected. Next, the effects on apoptotic cell death were studied.
Amiodarone, clofazimine and triptolide significantly increased caspase-3/7 activity com-
pared to controls in GS79 cells (Figure 5C, p<0.001). Validation in GS102 and GS257 cells
revealed comparable results as observed in GS79 (not shown). In conclusion, in addition to
affecting the cell cycle, all three drugs also induced apoptosis in patient-derived glioblas-
toma cultures.

5.4 Discussion

With the aim of identifying effective and available drugs for glioblastoma treatment, we
screened 446 clinical compounds using a representative in vitro model for glioblastoma.
The patient-derived GSC model harbors genetic stability, in vivo resemblance of the glio-
blastoma, and in addition allows drug screening on large panels of distinct tumors at
molecular level and analysis of the heterogeneity in response, as is often observed in glio-
blastoma.®” The drugs were selected based on efficacy in GSC cultures and lack of toxic-
ity in normal human astrocytes. This led to the identification of three clinical compounds
that have potential for treating glioblastoma, namely the anti-arrhythmic amiodarone, the
antibiotic clofazimine and the anti-inflammatory triptolide. Triptolide and clofazimine
have previously been identified as potent inhibitors of growth in established glioma cell
lines’" but have not been studied yet in a large panel of the GSC cultures. Amiodarone is a
novel candidate for glioblastoma treatment as single agent.

In our initial screen, several groups of compounds were identified as anti-glioblastoma
agents. These groups include non-chemotherapeutic drug groups such as the HMG-CoA
reductase inhibitors (cerivastatin, itavastatin), which have gained interest in the field of
cancer research through their action against various hematological cancers,?? seroton-
ergic/dopaminergic drugs (5-nonyloxytryptamine, tegaserod maleate, perospirone and
fluphenazine) which are central nervous system drugs previously reported to also possess
anti-cancer activity.?*?> Another study using a small-molecule compound screen of 30,000
agents, also found dopamine derivatives to be effective inhibitors of cell growth in glio-
blastoma cultures.? In addition we found ion-channel inhibitors to be effective, namely
amiodarone, lacidipine, clofazimine. Ion channels are involved in cell cycle control and
glioblastoma migration, invasion and proliferation.””?® Lastly, various agents we have
identified are well-known anti-neoplastic agents, including vincristine which is (combined
with procarbazine and lomustine; PCV) a beneficial therapeutic for low grade glioma,? and
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doxorubicin which is currently under investigation using novel drug-delivery techniques
to pass the blood-brain barrier in glioblastoma.3%*

We selected three drugs to study in more detail, amiodarone, clofazimine and triptolide,
based on low-dose efficacy in the primary screens and lack of toxicity in normal human
astrocytes. In a panel of twenty patient-derived GSC cultures, we confirmed the anti-tumor
efficacy of the three drugs albeit with some degree of variability in response between the
different GSC cultures. Importantly, neither the primary/recurrence status of the tumor
nor the MGMT promoter methylation status was prognostic for the drug responses. This
suggests that these drugs are effective in tumors, independent of known prognostic indi-
cators. Our in silico analysis of the gene expression of the 20 glioblastomas in relation to
response to the three drugs points toward apoptotic and cell cycle regulatory genes (AHR,
BIRC, CDKNSs, CDCs, and E2F1-3), but also DNA repair proteins (FANC-genes) for amiodar-
one, apoptotic proteins (CASE BIRC and BCLZ genes) for clofazimine and caspases and
DNA regulatory proteins (FANC-genes and CASP2) for triptolide. These molecular markers
may also be potential biomarkers for response and need to be evaluated in a larger panel
of cultures and preferably in in vivo settings. Our analysis of the effects of the three drugs
on cell cycle distribution and apoptosis supported these findings.

The antibiotic clofazimine, a drug registered for leprosy, and amiodarone, have been
reported as anti-glioblastoma agents'®2%? and in other tumors such as lung and breast
carcinomas.®*5 As a combination agent, amiodarone was shown to sensitize conventional
glioma cells to TRAIL.* Also, synergy with conventional chemotherapeutics (cisplatin,
docetaxel, doxorubicin) has been reported.* The present study demonstrates amiodarone
efficacy as a single agent in the majority of patient-derived GSC cultures.

Mechanisms reported to play a role in clofazimine-induced apoptosis include effects on
Wnt signaling,®* and inhibition of the plasma membrane as well as the mitochondrial mem-
brane potassium channels.* Indeed, Wnt-signaling has also been reported to play a role in
maintenance and tumorigenicity of glioblastoma stem cells.”” This potential selectivity for
tumor stem cells, may also explain why lower IC_; values were found in our panel of GSC
cultures (median IC, of 1.98uM) than reported for established cancer cell lines, includ-
ing the glioma lines U87, A172, LN443 and U118 (IC_ were 8.6 - 20.1)."® These observations
underline the importance of the use of the patient-derived GSC model in the initial drug
screen and may explain discrepancies between identified agents in our screen and previ-
ously reported drug screens for glioma. In our study, triptolide, demonstrated high level
cytotoxicity in the patient-derived GSCs. Triptolide is an extract of the herb Tripterygium
wilfordii which is commonly used in China for various inflammatory and (auto)immune
diseases.® Triptolide was previously shown to be an effective anti-glioma agent.* The
reported mechanisms of action involve potassium channel inhibition,* induction of
p53-independent apoptosis,® and RAS/ERK pathway attenuation.*® There are strong indi-
cations in other cancers that triptolide exerts its effects through NFkB-inhibition* and
that triptolide enhances temozolomide efficacy through regulation of NF«xB.*2 The prodrug
derivative of triptolide, Minnelide, which has an improved solubility and toxicity profile,
is currently being evaluated in clinical trials for pancreatic and ovarian cancer.*3**

Another issue of importance to novel anti-glioblastoma drugs is the toxicity to pri-
mary human astrocytes, a question we have addressed. Triptolide and amiodarone are
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relatively nontoxic to human astrocytes, and others have confirmed this for amiodarone.*
median therapeutic indices were 2.2 for amiodarone, 1.6 for clofazimine and 9.% for trip-
tolide. These therapeutic indices were in general above the value of 1, which indicates bet-
ter efficacy in glioblastoma cultures than in normal brain cells. Moreover, clofazimine and
amiodarone are widely prescribed drugs with known toxicity profiles in humans.

Our study was focused on the use of non-chemotherapeutic agents for the treatment of
glioblastoma. Another drug screen that assessed drug-drug interactions found that for
combination therapies in conventional glioma cell lines, similar drug (groups) as in our
study were more effective in anti-glioblastoma activity compared to known chemothera-
pies. These drugs included serotonergic modulators, rimcazole and antioxidants.* These
non-chemotherapeutic drugs usually have a known and acceptable toxicity profile, and
combination therapies are therefore attractive. Future studies are thus recommended to
further explore drug-drug interactions with our identified drugs. This may aid in lowering
the effective dose of each compound and increasing the therapeutic index. Our study pro-
vides new avenues for monotherapy treatments, but as glioblastoma demonstrates rapid
emergence of therapeutic resistance to single agents, using these drugs in combination
may be required.
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Supplemental Data 1. The networks involved in responsiveness to drugs in the twenty patient-derived GSC
cultures.

The gene expression levels of the tumors were correlated to the response in vitro of the derived GSCs. The
included genes had a significant correlation (p<0.05) and a correlation coefficient of <-0.5 or >0.5. The genes were
analyzed using the core analysis in the IPA software. The top ten networks where the genes corresponded to
are shown in this table. The whole set of genes and networks can be provided on request and will be published

online.

Networks Amiodarone (top ten)

Networks Clofazimine (top ten)

Networks Triptolide (top ten)

Digestive System Development
and Function, Skeletal and Mus-
cular System Development and
Function, Gene Expression

Cellular Growth and Proliferation,
Connective Tissue Disorders,
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Cell Signaling and Interaction
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opment and Function, Cellular
Function and Maintenance, Tissue
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Cellular Growth and Proliferation,
Cellular Assembly and Organ-
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Maintenance

Cell Death and Survival, Cellular
Function and Maintenance, Organ
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Cancer, Endocrine System Disor-
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Response
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Metabolism, Small Molecule
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tion, Cellular Function and Mainte-
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Gene Expression, Cell Morphology,
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Cell Morphology, Cellular Assem-
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Function and Maintenance
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ment and Function

Cell Cycle, Cell Death and Survival,
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Cellular Growth and Proliferation,
Cancer, Cell Morphology

Cancer, Cell Morphology, Cellular
Assembly and Organization

Gene Expression, Organismal
Development, Energy Production

Cell-To-Cell Signaling and Inter-
action, Gene Expression, Cellular
Movement

Cancer, Molecular Transport,
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Cell Cycle, DNA Replication,
Recombination, and Repair, Devel-
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Abstract

The oncolytic adenovirus Delta24-RGD is currently being tested in phase I trials for the
treatment of glioblastoma (GBM). Literature suggests that frequently prescribed anti-
convulsants for these patients, phenytoin, valproic acid and levetiracetam, may interfere
with cellular mechanisms of cancer or oncolytic virus activity. We therefore investigated
the direct effects of these drugs on Delta24-RGD infection and oncolytic activity in estab-
lished glioma cell lines as well as patient-derived glioblastoma cultures. IC_; values of the
anti-epileptic drugs on the 4 glioma cell lines were far above clinically-relevant concentra-
tions. At therapeutic concentrations, the anti-epileptics generally did not alter the infec-
tion efficiency of RGD-modified adenovirus, nor affect progeny production or oncolytic
activity of Delta24-RGD. The only exception was found in U373 cells, where valproic acid
slightly antagonized the oncolytic effect of Delta24-RGD (from 29% to 55% viability, p<0.01)
as well as viral progeny production (60% decrease, p<0.01). Oncolysis by Delta24-RGD was
not inhibited by the anti-epileptics in any of the patient-derived glioma cultures (n=6). In
fact, in one culture a slight enhancement of viral oncolysis by PHE and LEV was found,
from 89.7% viability to 76% and 62.4%, respectively (p<0.01).

These results indicate that therapeutic levels of valproic acid, phenytoin and leveti-
racetam do not negatively interfere with the infection efficiency or oncolytic activity of
Delta24-RGD in patient-derived glioblastoma cells. Therefore, there is no indication that
the choice of anticonvulsant for seizure control in glioma patients should take treatment
with Delta24-RGD into account.

6.1 Introduction

Glioblastoma is the most aggressive form of brain cancer and its poor prognosis empha-
sizes the need for more effective treatment modalities. One approach encompasses the
use of oncolytic viruses, designed to propagate selectively in tumor tissue.! The oncolytic
adenovirus Delta24-RGD has shown promising preclinical anticancer efficacy in several
tumor types including glioblastoma and is currently being tested in phase I/1I trials for
the treatment of glioblastoma.?® It replicates selectively due to a 24 base-pair deletion in
the adenoviral EIA gene, which abolishes the pRb binding capacity of the E1A protein and
results in uninhibited viral replication in cells with lesions in the Rb pathway’ The Arg-
Gly-Asp (RGD) motif insertion into the fiber knob allows the virus to attach to both av33
and avp5 integrins. As most tumor cells express low levels of CAR this has greatly poten-
tiated the oncolytic efficacy.®® Epileptic seizures occur in 22 - 60% of glioma patients and
are most commonly treated with valproic acid (VPA), phenytoin (PHE), or levetiracetam
(LEV).l0!" Whether these agents also directly affect cellular tumor mechanisms, is not
fully understood. It has been described for VPA that it exerts anti-proliferative effects
on glioma in vitro.*'* Moreover, a recent retrospective study in a large cohort of glioblas-
toma patients, revealed significantly improved survival rates in patients receiving VPA.?
Effects of these anti-epileptics on oncolytic adenovirus infection and replication in glio-
blastoma, however, have not been reported thus far. In neuroblastoma and HeLa cells,
VPA-induced weak histone deacetylase inhibition (HDACi), leading to enhanced adenovi-
ral transgene expression.’* Moreover, both the adenoviral receptor CAR as well as integrin
expression have been reported to be affected by VPA’>" and antagonistic effects of VPA on
adenoviral replication have also been described.®® PHE is an antiepileptic that blocks volt-
age-dependent neuronal sodium channels; however, its mechanism of action is not fully
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elucidated. The effect of PHE on oncolytic viruses has not been investigated thus far, but
studies with PHE in glioma cells, report no significant inhibitory or stimulatory effects on
tumor cell growth.?° LEV has been reported to sensitize glioblastoma cells to temozolo-
mide by enhancing p53-mediated MGMT inhibition via recruitment of the mSin3A/HDAC1
co-repressor complex.? Its major carboxylic acid metabolite 2-pyrrolidinone-n-butyric
acid, has HDACi activity.” If the effects of these antiepileptic drugs on Delta24-RGD are
elucidated, recommendations for antiepileptic therapy could be provided for glioblastoma
patients treated with Delta24-RGD oncolytic viral therapy. Furthermore, the knowledge of
possible interactions between these agents would aid in the interpretation of the results
of current Delta24-RGD trials. Therefore, in view of the mechanisms of action of these
drugs and the current clinical assessment of Delta24-RGD in glioblastoma patients, we
studied the direct effects of the most frequently prescribed anticonvulsants on the infec-
tivity, replication, and oncolytic activity of Delta24-RGD in in vitro glioma models.

6.2 Materials and methods

Cell cultures

Both established and human malignant glioblastoma cell cultures were used for the exper-
iments. The human malignant glioma cell lines U87MG, U118MG, U251MG and U373MG
were obtained from the American Type Culture Collection (Manassas, VA, USA). These
cells were cultured in DMEM supplemented with 1% Pen/Strep and 5% fetal calf serum
(Life Technologies, Paisley, United Kingdom). Patient-derived low passage glioblastoma
cultures GS112, GS125, GS160, VU140, VU144 and VU214 were derived by mechanical disso-
ciation from fresh tumor material collected during brain tumor surgery as described previ-
ously.? Patient tumor material was acquired with informed consent and approved by the
Institutional Review Boards of the Erasmus Medical Center Rotterdam and VU medical
center Amsterdam. The primary cell cultures included in this study were classified as glio-
blastoma by histological diagnosis and cultured in serum-free DMEM, supplemented with
1% antibiotics (Life Technologies, Paisley, United Kingdom), 2% B27 (Gibco, Life Technol-
ogies, Paisley, United Kingdom), 20 ng/ml bFGF (PeproTech, London, UK), 20 ng/ml EGF
(PeproTech) and 5 ug/ml heparine (Sigma-Aldrich, St. Louis, MO).

Chemicals

Active pharmaceutical ingredients of PHE were kindly provided by Teva (Haarlem, The
Netherlands). LEV was kindly provided by UCB Pharma (Breda, The Netherlands). Stock
solutions of VPA (Sigma-Aldrich) and LEV were prepared at 200mM in sterile water and
stock solution of PHE at 20mM in ethanol.

Recombinant adenovirus

The recombinant El-deleted, replication-deficient adenovirus expressing the luciferase
reporter gene, Ad.Luc, the integrin-targeted replication-deficient adenovirus expressing
luciferase, AdSLucRGD, and the conditionally replicating virus Delta24-RGD were a kind
gift of Dr. D.T. Curiel (University of Alabama, Birmingham, AL). Viruses were plaque puri-
fied, propagated on 293 cells for replication-deficient vectors or A549 cells for Delta24-
RGD, and purified by CsCl gradient according to standard techniques. Viral titers were
determined by limiting dilution assay using the AdenoX rapid titer assay kit (Clontech,
Mountain View, CA, USA).
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Luciferase Assay

To assess the effects of anticonvulsants on adenovirus infection, glioma cell lines as
well as patient-derived cell-cultures were plated sub-confluently at 1 x 10* cells per
well in 96-well plates. After 24h, cells were infected at a multiplicity of infection (MOI)
of 5 or 25 Ad.Luc or Ad.Luc-RGD, and primary cultures were infected with 25 MOI. Cells
were co-treated with concentrations of VPA (0.3 and 0.6mM) , PHE (0.03 and 0.07mM) or
LEV(0.05 and 0.1mM). The dosages were based upon the clinically relevant-concentrations
according to the literature (VPA 0.04-0.7mM, PHE 0.02-0.08mM, and LEV 0.03-0.10mM).%%
After 48 hours, culture medium was aspirated and 50ul (primaries) or 100 pl (cell lines)
lysis buffer was added to each well. After three cycles of freeze-thawing luciferase expres-
sion was assessed using the Luciferase Assay System (Promega, Madison, WI) and meas-
ured using a Lumat LB 9507 luminometer (EG&G Berthold, Bad Wildbad, Germany). The
luciferase activities are presented as RLU (relative light units) per 50 or 100pL lysate.

Viability assays

Cells were plated subconfluently at 5 x 10° cells per well in 96-well plates to perform dose
response assays for each anticonvulsant. A concentration range from 0.01-1.0mM was
used, including two log steps and covering the clinically relevant concentrations. IC_s
were computed from the median effect equation five days after treatment. VPA and PHE
have a relatively high protein binding in plasma, 70-92% and 82-92% respectively, in con-
trast to LEV (10%).2°28 To limit the loss of drug activity due to protein binding in the serum-
cultured cell lines, we used medium with 5% instead of the standard 10% fetal calf serum.
For the combination experiments, Delta24-RGD was added to the wells in medium con-
taining clinically-relevant concentrations of anticonvulsants, 24h after plating. Concen-
trations used were 0.1, 0.3 and 0.6 mM VPA, 0.003, 0.01 and 0.03 PHE and 0.01, 0.03 and 0.1
mM LEV. These concentrations were based on the IC_  determination experiment and ther-
apeutic feasibility. The PHE concentration was chosen to be 0.03mM instead of 0.07mM,
since this lower concentration of 0.03mM already showed tumor inhibiting properties at
this value. MOIs applied to the different cell types were based on viral sensitivity of the
specific cells. Established cell lines (U-lines) require the lower MOIs (0.125 - 0.5), whereas
the patient-derived cells were less sensitive and were treated with higher MOI ranges
(1-2). Viability was quantified on day 3, 5 and 7 after treatment using the tetrazolium salt
WST-1 assay (Roche Diagnostics, Mannheim, Germany) as described by the manufacturer.
Results are presented as percentage of non-treated controls.

Titration Assays

U87 and U373 cells were incubated with 0.6mM VPA and were infected with MOI 2 Delta-
24-RGD 24h after plating. Supernatants and cell lysates were harvested on day 3 and 5
after infection to monitor viral production and release. Viral production in cells and media
was assessed by endpoint dilution titration on cells using the AdenoX rapid titer assay kit
(Clontech).

Statistical analysis

All experiments were performed in triplicate and means where plotted with their corre-
sponding standard deviations. Treatment effects were compared by the two-tailed stu-
dent’s t-test. Statistical significance was defined as p < 0.01.
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6.3 Results

Effects of anti-epileptics on glioma cell viability

The effect of the three anticonvulsants on the viability of glioma cell lines was determined
by dose response assays. A concentration range from 0.01-1.0mM was used for each anti-
convulsant and IC, values were calculated. The IC, values of PHE and VPA on glioma cell
lines U87, U118, U251 and U373 are summarized in table 1 and are all far above therapeutic
concentrations. Glioma cell line U87 exhibited the highest sensitivity for both anticonvul-
sive drugs. For LEV, no significant decrease in viability for this concentration range was
observed and IC_  values hence not obtained.

Table 1. IC_; (R2) values for anticonvulsants on glioma cell lines.
The results are based on the viability after 5 days. IC,, = half maximal inhibitory concentration; mM = millimolar;
PHE = phenytoin; VPA = valproic acid.

Glioma cell line IC,, of PHE (mM) and (R?) IC,, of VPA (mM) and (R?)
us7 1.805 (0.945) 1.43(0.993)
U118 3.17(0.995) 3.54(0.998)
U251 2.96 (1.000) 498(0.998)
U373 2.96(0.993) 4.82(0.950)

Effects of anti-epileptics on infection efficiency

To assess whether treatment with anticonvulsants interferes with the infection effi-
ciency of Delta24-RGD, experiments were conducted using the luciferase-encoding rep-
lication-deficient vector Ad.Luc-RGD. Two concentrations of each drug (0.3mM and 0.6
mM VPA, 0.05mM and 0.1lmM LEV, 0.03mM and 0.07mM PHE) were combined with MOI 5
and 25 Ad.Luc-RGD. These are clinically-relevant serum concentrations in anticonvulsant
therapy. Glioma cell lines U87 and U373 were used for the experiments. The control vector
Ad.Luc was used in parallel to determine if effects found were related to the RGD modifi-
cation of the vector. As shown in figure 1, viral infection efficacy of Ad.Luc-RGD was not
significantly affected by therapeutic concentrations of VPA, LEV and PHE. Similarly, no
significant effects on Ad.Luc infectivity were found (not shown).
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Figure 1.

Luciferase expression in glioma cells lines U87 and U373 infected with Ad.Luc.RGD (MOI 5 and 25) combined
with incubation with anticonvulsants. Luciferase expression was determined 48h after infection. Results are
presented as relative light units (RLU) per 100 pL cell lysate. Experiments were performed in triplicate. Data
plots, mean percentages; bars + SD; *p < 0.01 compared to controls.

Effects of antiepileptic drugs on Delta24-RGD oncolytic activity

To examine whether anticonvulsants interact directly with the oncolytic capacity of Delta-
24-RGD, combination experiments with anticonvulsants were performed in 4 glioma cell
lines. The results of U251 and U373 are shown in figure 2. Overall, therapeutic concentra-
tions of VPA, PHE and LEV did not inhibit the oncolytic activity of Delta24-RGD. Only VPA
slightly antagonized the oncolytic effect of Delta24-RGD in U373 cells on day 7, from 29% to
55% viability (p=0.01). This antagonistic effect was not observed with PHE or LEV. Table 2A
shows the results of U87 and U118, as well as parallel experiments using lower and higher
concentrations of virus or anticonvulsants, which resulted in similar outcome.
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Figure 2.

Effects of anticonvulsants (0.6 mM VPA, 0.03 mM PHE, 0.1 mM LEV) in combination with Delta24-RGD (MOI
0.5) on viability of U251 and U373 during 7 days. PHE and VPA shared the same control. Experiments were per-
formed in triplicate. Data are presented as mean percentage of non-treated same day controls + SD; * p< 0.01
compared to infected controls without anticonvulsant.
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Table 2A. Overview of all glioma cell lines tested with Delta24-RGD and the anticonvulsants VPA, PHE and LEV.
Data are presented as mean percentage viability of non-treated controls on day 7 post-treatment;
*p< 0.01 compared to infected controls without anticonvulsant.

U251 MoIOo p value MOI0.125 p value MOI10.5 p value

Delta24RGD 100.0% 34.5% 4.0%

VPA 0.06 mM 101.2% 040 52.3% 044 3.8% 0.96
VPA 0.2 mM 101.7% 0.29 37.0% 0.91 1.8% 040
VPA 0.6 mM 98.7% 045 12.9% 0.23 1.0% 0.26
Delta24RGD 100.0% 34.5% 4.0%

PHE 0.003mM 100.7% 0.74 40.2% 0.74 4.4% 0.88
PHE 0.0ImM 97.8% 0.15 47.6% 047 3.6% 0.89
PHE 0.03mM 100.3% 0.85 38.8% 0.80 3.1% 0.74
Delta24RGD 100.0% 29.6% 16.5%

LEV 0.03mM 97.1% 0.56 22.7% 0.17 15.0% 0.58
LEV 0.ImM 104.3% 0.19 22.3% 0.16 16.2% 0.89
LEV 0.3mM 100.9% 0.78 23.9% 0.35 15.7% 0.57

u87 MOI0 p value MOI 0.125 p value MoI0.5 p value

Delta24RGD 100.0% 96.5% 97.1%

VPA 0.06 mM 90.0% 0.65 91.8% 0.84 98.2% 090
VPA 0.2 mM 91.7% 049 98.9% 0.93 107.4% 040
VPA 0.6 mM 91.3% 0.53 96.3% 0.99 103.3% 047
Delta24RGD 100.0% 96.5% 971%

PHE 0.003mM 100.9% 0.96 109.6% 0.68 109.6% 0.30
PHE 0.0lmM 105.8% 0.76 101.1% 0.80 106.0% 0.50
PHE 0.03mM 122.9% 0.10 117.6% 0.26 102.4% 0.57
Delta24RGD 100.0% 94.3% 879%

LEV 0.03mM 91.0% 0.35 89.4% 0.79 81.6% 0.18
LEV 0.1mM 92.3% 0.26 87.7% 0.71 86.7% 0.73
LEV 0.3mM 91.7% 0.53 87.9% 0.74 84.7% 0.38

U118 MOIO0 p value MOI0.125 p value MOI10.5 p value

Delta24RGD 100.0% 55.9% 26.0%

VPA 0.06 mM 97.5% 0.55 80.1% 0.07 18.3% 0.18
VPA 0.2 mM 94.1% 041 59.0% 0.77 12.1% 0.04
VPA 0.6 mM 98.0% 0.57 56.6% 0.96 23.2% 0.69
Delta24RGD 100.0% 55.9% 26.0%

PHE 0.003mM 105.8% 0.30 75.3% 0.18 25.8% 0.97
PHE 0.0lmM 112.0% 0.02 52.2% 0.81 27.1% 0.86
PHE 0.03mM 112.5% 0.06 79.9% 0.06 22.8% 046
Delta24RGD 100.0% 82.4% 65.9%

LEV 0.03mM 103.4% 0.28 79.6% 0.68 55.4% 0.15
LEV 0.1mM 104.1% 0.29 79.3% 0.52 71.5% 0.33
LEV 0.3mM 1004% 0.94 78.9% 044 66.5% 0.90
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U373 MoIO0 p value MOI0.125 p value MOI0.5 pvalue
Delta24RGD 100.0% 71.5% 29.4%

VPA 0.06 mM 96.7% 0.55 68.9% 0.28 42.1% 0.39
VPA 0.2 mM 95.7% 0.37 81.5% 0.03 47.6% 0.16
VPA 0.6 mM 78.0% 0.01 81.9% 0.01 55.0% 0.01
Delta24RGD 100.0% 90.2% 294%

PHE 0.003mM 97.2% 0.58 92.8% 0.89 29.5% 0.99
PHE 0.0lmM 98.7% 093 84.7% 0.78 36.0% 048
PHE 0.03mM 88.7% 0.52 72.6% 0.50 22.1% 0.22
Delta24RGD 100.0% 84.2% 47.2%

LEV 0.03mM 100.0% 0.99 83.8% 0.99 43.1% 0.34
LEV 0.ImM 99.7% 0.99 72.2% 0.57 35.0% 0.11
LEV 0.3mM 104.1% 0.78 71.7% 0.52 37.5% 0.13

Effects of anti-epileptics on Delta24-RGD replication

Based on the small antagonistic effect of VPA observed in U373, we assessed whether this
effect was due to decreased viral progeny production of Delta24-RGD. U373 and U87 cells
were treated with 0.6mM VPA and infected with MOI 2 Delta24-RGD. Cells and superna-
tants were collected 3 and 5 days later for virus titration. On day 5, U373 cells had pro-
duced 60% (p<0.01) less virus than controls, whereas no effects were seen in U87 cells (fig-

ure 3).
1.00E+09
E
S~
=  1.00E+08
3
[
O
o
< 1.00E+07
o~
2]
o
£
1.00E+06
Figure 3.

U887 day 3

ODelta 24RGD

o Delta-24RGD + VPA

U87 day 5

U373 day 3

U373 day 5

Effects of 0.6 mM VPA on Delta24-RGD replication in U87 and U373 cells. Viral titers were determined by end-
point titration on day 3 and 5 and are expressed as infectious units (IU) per mL. Experiments were performed in

triplicate. Bars (IU/mL) + SD; *p<0.01 compared with infected controls without VPA.
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Effects of anti-epileptics on infection efficiency and oncolysis of Delta24-RGD in
patient-derived serum-free glioma cultures.

As serum-free cultures of patient-derived tumor closely resemble the genotype of the
parental tumor, they are considered more representative of clinical glioblastoma.??
Therefore, the infection and oncolysis experiments were repeated in patient-derived
glioblastoma cultures. To determine whether anticonvulsants alter adenovirus infection
efficiency, GS112, GS125 and GS160 cells were infected with Ad.Luc-RGD and Ad.Luc and
analyzed for luciferase expression. As depicted in figure 4, no significant effects of anti-
convulsants on Ad.Luc-RGD infection were observed. Similarly, no effects on Ad.Luc infec-
tion were found (not shown).
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Figure 4.

Effects of the anticonvulsants (0.6 mM VPA, 0.03 mM PHE, 0.1 mM LEV) on the infection efficiency of MOI 25
Ad.Luc-RGD in patient-derived GSCs: GS112, GS125, and GS160. Experiments were performed in triplicate.
Luciferase expression was determined 48 h post-infection and is presented as relative light units (RLU) per 50
uL lysate. Bars + SD; *p< 0.01 compared to controls.

Oncolysis experiments were performed using a dose-range of Delta24-RGD in combina-
tion with the three anti-epileptics on a panel of six patient-derived glioma cells (GS112,
GS125, GS160, VU140, VU144 and VU214). Results of all combination treatments in these
cells are summarized in Table 2B. Monotherapy using the three anticonvulsants at clin-
ically relevant concentrations did not significantly affect cell viability of these primary
cultures with the exception VU140, which showed a slight decrease in viability after VPA
and LEV monotherapy (to 87.5% and 84.9%, respectively, p<0.01). In general, there were no
significant differences in viability observed between virus and combination treated cells
(figure 5/Table 2B). Only VU214 appeared susceptible to virosensitization by the anti-epi-
leptics PHE and LEV (89.7% versus 76.0% and 62.4%, respectively, at MOI 2, p<0.01).
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Figure 5.

Effects of anticonvulsants in combination with Delta24-RGD (MOI 2) on viability of 6 patient-derived glioma cell
cultures on day 7 post-infection. Cells were incubated with Delta24RGD (MOI 2) with and without 0.03 mM PHE,
0.6 mM VPA and 0.1 mM LEV, respectively. Experiments were performed in triplicate. Data are presented as
mean percentage of non-treated controls + SD, * p<0.01 compared to infected controls without anticonvulsant.
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Table 2B. Overview of all patient-derived glioblastoma cultures tested with Delta24-RGD and the
anticonvulsants VPA, PHE and LEV.

Data are presented as mean percentage viability of non-treated controls on day 7 post-treatment; *p< 0.01 com-
pared to infected controls without anticonvulsant.

EMC85 MoIO0 p value MoI1 p value MoOI2 p value
Delta24RGD 100.0% 82.6% 45.6%

VPA 0.6mM 64.8% 0.03 70.6% 0.92 46.8% 0.14
PHE 0.03mM 72.4% 0.03 78.9% 0.17 44.4% 0.06
LEV 0.ImM 101.2% 0.10 81.6% 0.89 61.4% 0.08
EMC96

Delta24RGD 100.0% 83.1% 84.1%

VPA 0.6mM 85.9% 0.18 82.5% 0.53 80.1% 0.80
PHE 0.03mM 86.9% 0.07 87.3% 0.06 77.2% 0.65
LEV0.ImM 109.1% 0.74 98.8% 0.03 93.2% 0.07
EMCI115

Delta24RGD 100.0% 30.8% 17.4%

VPA 0.6mM 98.1% 0.18 32.8% 0.53 21.9% 0.80
PHE 0.03mM 100.0% 0.07 26.0% 0.06 15.0% 0.65
LEV 0.ImM 105.8% 0.74 33.7% 0.03 19.8% 0.07
VU140 MOIO0 p value MoOI1 p value MoI 2 p value
Delta24RGD 100.0% 96.5% 81.7%

VPA 0.6mM 87.5% 0.01 83.5% 0.03 68.5% 0.14
PHE 0.03mM 86.7% 0.07 78.7% 0.04 64.9% 0.10
LEV 0.lmM 84.9% 0.00 79.3% 0.02 61.5% 0.03
VU144

Delta24RGD 100.0% 85.6% 84.8%

VPA 0.6mM 93.6% 048 78.4% 0.26 72.4% 0.02
PHE 0.03mM 90.3% 0.13 83.4% 0.70 79.5% 0.39
LEV 0.1mM 83.1% 0.04 70.0% 0.06 78.6% 0.26
vu214

Delta24RGD 100.0% 96.9% 89.7%

VPA 0.6mM 104.9% 0.12 82.8% 0.11 779% 0.04
PHE 0.03mM 99.5% 0.87 75.3% 0.02 76.0% 0.00
LEV 0.lmM 105.5% 0.16 78.0% 0.03 62.4% 0.00
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6.4 Discussion

The present study was designed to identify possible interaction between anticonvulsants
and Delta24-RGD oncolytic viral therapy in glioblastoma cells. In general, our data from a
panel of glioma cell lines and patient-derived cell cultures illustrate that therapeutic lev-
els of the most frequently prescribed anticonvulsants valproic acid, phenytoin and leveti-
racetam do not negatively influence the oncolytic activity of Delta24-RGD.

Dose-response studies demonstrated that IC_ values of the tested anticonvulsants were
all far above the clinical therapeutic concentrations. Combination experiments with
Delta24-RGD in 4 glioma cell lines found no interaction between these agents with the
exception of U373, in which slight inhibition of oncolysis was found by VPA. The reduced
oncolysis in U373 also translated to reduced viral progeny production in these cells but
was not caused by reduced infection efficiency as shown by Ad.Luc-RGD infection of VPA-
treated cells. Interestingly, VPA effects on adenoviral replication have also been observed
in prostate cancer cells. Hoti et al. described an inhibitory effect of VPA on adenoviral rep-
lication in the late phase of the viral life cyclel8, and this was suggested to be based on
HDAC inhibition,'** thereby affecting viral transcription and inducing cell cycle regulator
p21WARVCIP 18 PA-induced up-regulation of levels of cell surface integrin o and f subtypes
as well as the adenovirus receptor CAR have also been reported.” Such effects would
have been expected to result in enhanced infection efficiency by Delta24-RGD, however,
these effects were not observed in our experiments. Effects of VPA therefore appear dose-
and cell type dependent.”

The relevance of the antagonistic effect of VPA on Delta24-RGD in U373 cells was assessed
by repeating the infection and oncolysis experiments in a panel of 6 patient-derived
serum-free glioma cultures. In general, therapeutic levels of antiepileptic drugs did not
affect the infection efficiency or oncolysis of Delta24-RGD, with the exception of a slight
enhancement of viral oncolysis by PHE and LEV in VU-214. The patient-derived serum-free
cell culture model has been shown to resemble the genotype and gene expression pro-
files of the original glioblastoma more closely than conventional glioma cell lines.? The
results of these experiments are therefore more representative of combination effects
expected in glioblastoma patients. However, since this is an in vitro study, conclusions
for clinical application should always be drawn with prudence. We have not investigated
the immune-related effects of the antiepileptic drugs in combination with Delta24-RGD.
HDACi have been suggested to suppress the innate immune response against virotherapy.
They have the ability to enhance vesicular stomatitis virus A51 oncolytic activity in mul-
tiple animal models.*? Such potential immune-related effects of the HDACi VPA cannot be
excluded to play a role in Delta24-RGD therapy in patients.

Taken together, these in vitro data support that therapeutic levels of the most frequently
administered anticonvulsants valproic acid, phenytoin and levetiracetam do not nega-
tively modulate the intrinsic sensitivity of patient-derived glioma cells for Delta24-RGD
activity. Based on the experiments performed in the primary cell cultures, there is no
suggestion that the choice of anticonvulsant for seizure control in glioma patients should
take treatment with Delta24-RGD into account.
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Abstract

A phase I/11 trial for glioblastoma with the oncolytic adenovirus Delta24-RGD was recently
completed. Delta24-RGD conditionally replicates in cells with a disrupted retinoblasto-
ma-pathway and enters cells via avp3/5 integrins. Glioblastomas are differentially sen-
sitive to Delta24-RGD. HDAC inhibitors (HDACI) affect integrins and share common cell
death pathways with Delta24-RGD. We studied the combination treatment effects of
HDACI and Delta24-RGD in patient-derived glioblastoma stem-like cells (GSC) and we
determined the most effective HDACi. SAHA, Valproic Acid, Scriptaid, MS275 and LBH589
were combined with Delta24-RGD in fourteen distinct GSCs. Synergy was determined by
Chou Talalay method. Viral infection and replication were assessed using luciferase and
GFP encoding vectors and hexon-titration assays. Coxsackie adenovirus receptor and
avp3 integrin levels were determined by flow cytometry. Oncolysis and mechanisms of
cell death were studied by viability, caspase-3/7, LDH and LC3B/p62, phospho-p70S6K.
Toxicity was studied on normal human astrocytes. MGMT promoter methylation status,
TCGA classification, Rb-pathway and integrin gene expression levels were assessed as
markers of responsiveness. Scriptaid and LBH589 acted synergistically with Delta24-RGD
in approximately 50% of the GSCs. Both drugs moderately increased avp3 integrin levels
and viral infection in responding but not in non-responding GSCs. LBH589 moderately
increased late viral gene expression, however, virus titration revealed diminished viral
progeny production by both HDACI, Scriptaid augmented caspase-3/7 activity, LC3B con-
version, p62 and p-p70S6K consumption, as well as LDH levels. LBH589 increased LDH and
p70S6K consumption. Responsiveness correlated with expression of various Rb-pathway
genes and integrins. Combination treatments induced limited toxicity to human astro-
cytes. LBH589 and Scriptaid combined with Delta24-RGD revealed synergistic anti-tumor
activity in a subset of GSCs. Both HDACi moderately augmented viral infection and late
gene expression, but slightly reduced progeny production. The drugs differentially acti-
vated multiple cell death pathways. The limited toxicity on astrocytes supports further
evaluation of the proposed combination therapies.

7.1 Introduction

Patients with the malignant brain tumor glioblastoma have a prognosis of 12-15 months
despite maximum therapy.! More effective therapies than the current approach of sur-
gery, radiation and temozolomide are urgently needed. One option is oncolytic virother-
apy with Delta24-RGD, which has recently completed phase I/1I clinical evaluation? and
has shown promising results in vitro and in vivo.3* Delta24-RGD is a genetically modi-
fied serotype-5 adenovirus which induces several cellular responses including necrosis,
autophagy and caspase-dependent apoptosis.>® Delta24-RGD conditionally replicates in
tumors with a deregulated retinoblastoma (Rb) pathway, due to a 24-base pair deletion in
the E1A gene. An arginine-glycine-aspartic acid (RGD) domain was inserted into the viral
fiber knob domain, redirecting attachment to av33 and avp5 integrins on the cell surface.”
Despite these modifications glioblastomas are not equally susceptible to Delta24-RGD
treatment.® Combination strategies that facilitate viral infection, replication and oncoly-
sis are therefore necessary to improve this therapeutic option. Such a combination treat-
ment may utilize histone deacetylase inhibitors (HDACi), which are novel anti-cancer
drugs that act through inhibition of HDACs. This results in alterations in the transcrip-
tion of oncogenes and tumor suppressor genes.*'° These drugs also affect non-histone tar-
gets including genes involved in cell cycle regulation, apoptosis and autophagy>" HDACi
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are reported to enhance oncolytic adenoviral therapy,'? however the effects of a panel of
HDACI in patient-derived glioblastoma stem-like cells (GSC), a model that recapitulates
the original tumor,®® have not been evaluated yet. Previous studies provide a rationale to
systematically investigate the efficacy of HDACi as enhancers for Delta24-RGD in glio-
blastoma. In this study we compared the in vitro effects of the five HDACi SAHA, LBH589,
Scriptaid, MS-275 and Valproic Acid (VPA) on Delta24-RGD-induced oncolysis in fourteen
patient-derived GSC cultures. We identify the most effective HDACI in combination treat-
ment in this relevant model for glioblastoma. The effects on cell viability, viral infectivity,
viral replication, as well as cellular autophagy, necrosis and apoptosis are studied. The dif-
ferences between responding and resistant GSCs to combination treatment are charted.
Specifically, the novel agent Scriptaid and the clinically applied LBH589, activate a vari-
ety of mechanisms including apoptosis, autophagy and necrosis, and induce viral gene
expression over time. These effects were associated with up-regulation of avp3 integrins
in responding cultures, however, viral progeny production was not increased. The effects
of the combination treatment were studied in normal human astrocytes and toxicity was
found to be very limited.

7.2 Materials and Methods

Chemicals

The HDACI tested were SAHA and MS275 (Cayman chemicals, MI, USA), VPA (Sig-
ma-Aldrich, MO, USA), LBH589 (Biovision, CA, USA), and Scriptaid (Santa Cruz Biotech-
nology, CA, USA). Stocks were prepared at 100mM (VPA) in sterile water and at 50mM
(SAHA), 10mM (Scriptaid), 4 mM (MS275), and 200pM (LBH589) in dimethyl sulfoxide
(Sigma-Aldrich) and stored at -20°C. Staurosporin was obtained from BioMol (Hamburg,
Germany).

Viruses

The construction of Delta24-RGD has been described previously.* The adenoviral con-
struct has a 24-base pair deletion in the viral E1A gene, which disrupts the Rb-binding
capacity of this protein and facilitates selective replication in cells with a dysfunctional
Rb-pathway. The RGD peptide allows the virus to bind and enter the cell through cell sur-
face integrins avp3/5.1° The Delta24-RGD-GFP virus was constructed for the purpose of
monitoring late viral gene expression over time and was used to evaluate the viral behav-
ior by fluorescent imaging. The virus contains a GFP-expression cassette under control
of the E3-promoter and was constructed, produced, purified and titrated as described
previously.' The replication-deficient adenoviral vector Ad.luc.RGD, kindly provided by
Dr. D.T. Curiel, (University of Alabama, Birmingham, Al, USA), was used for the infectivity
experiments.

Patient-derived serum-free cultured glioblastoma stem-like cells

Fresh tumor material was obtained from surgical resection at the Department of Neuro-
surgery of the ErasmusMC (Rotterdam, The Netherlands). The tumors were classified as
WHO grade IV (glioblastoma) by histopathological assessment. This entire study including
the use of patient tumor material for the current study was approved by the institutional
review board of the ErasmusMC. The patients’ written informed consent was acquired for
the use of patient material for our studies. The tumors were dissociated mechanically and
enzymatically as described previously.” Both the primary cultures and parental tumors
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were characterized and subtyped as described previously.”” Fourteen patient-derived GSCs
were used in the experiments and are summarized in Table 1. The cells were cultured as
tumor neurospheres in serum-free DMEM/F12, supplemented with 1% penicillin/strep-
tomycin, 2% B27, 20ng/ml bFGF, 20ng/ml EGF (Life Technologies, Paisley, UK), and 5ng/
ml heparin (Sigma-Aldrich). For the experiments, the cell culture plates were coated with
Cultrex™ (Trevigen, MD, USA) allowing attachment and monolayer formation for repro-
ducible in vitro analysis. The cultures were maintained at 37°C in a humidified chamber
(95% air/5% COZ).

Table 1. Overview of the patient-derived GSC cultures tested for combination treatment

Fourteen patient-derived GSC cultures were tested for the responsiveness to the five HDACi and Delta-24-RGD.
The MGMT promoter methylation status and the molecular TCGA characterizations are depicted. The enhance-
ment factors are shown for the various treatment modalities if EF >1, and if there was a significant difference of
the combination treatment compared to the monotreatments (p<0.05). NR indicates non-responsiveness to the
proposed combination treatment. Legends: UM = unmethylated; M = methylated; CLA = classical; NEU = neural;
PRO = proneural; MES = mesenchymal; ND = not determined.

GSC culture MGMT Molecular  Scriptaid LBH589 SAHA VPA MS275
status subtype
GS289 UM CLA 2.12 1.58 NR NR 1.27
GS245 UM NEU NR NR NR NR NR
GS160 UM CLA NR 1.26 NR 1.35 1.22
GS184 M CLA 1.31 NR NR 148 NR
GS224 M CLA 1.78 44 2.71 NR 1.63
GS102 M NEU 1.66 2.49 1.33 NR NR
GS257 UM CLA 29 NR NR NR NR
GS79 UM CLA NR NR NR NR 116
GS209 UM PRO 1.23 1.37
GS249 M CLA NR NR
GS274 M ND NR NR
GS335 M CLA NR 1.22
GS359 M MES 1.28 1.39
GS368 UM CLA 1.38 NR
Viability assays

Primary GSC cultures and normal human astrocytes (Sciencell, CA, USA) were seeded at
1x10° cells per well in 96-well plates. The cells were treated with the HDACi SAHA, Scrip-
taid, LBH589, MS275, and VPA in dose-increasing concentrations concomitantly with the
Delta24-RGD infection. The tested virus doses were 5, 10, 25 and 50 infectious virus parti-
cles/ cell (multiplicity of infection; MOI) to ensure a viral dose that corresponded with the
IC,, - IC,, value of the treatment, the optimal dosages for studying combination effects.
Cell viability was assessed seven days post-treatment using the CellTiter-Glo cell viabil-
ity assay (Promega, WI, USA). At least three MOIs of the virus were used for these assays
and the IC_ values were determined by median equation. Next, the stringent approach to

determine synergy between compounds, the Chou Talalay assay,'® was used for the most
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effective HDACI in combination with Delta24-RGD. The combination index of the two
agents was calculated by using this method. The experiments were performed in tripli-
cate and results are shown as percentage of non-treated controls + standard deviation. In
addition, primary human astrocytes were analyzed for viability as well as cell confluence
after five days of combination treatment. These results are also shown as percentage of
non-treated controls * standard deviation. Microscopic images were obtained using the
IncuCyte imaging system (Essen Bioscience, Ann Arbor, MI, USA) and are presented in
phase-contrast at 10X magnification.

Gene expression analysis, TP53 mutation status, and MGMT promoter methylation
status.

The TP53 mutation status was available of ten GSCs, and was derived from next-genera-
tion DNA sequencing using an AB SOLiD sequencer on the fresh frozen parental tissues
of the primary GSCs. In addition, molecular subtyping was done using available mRNA
expression data’ according to the transcriptionally-defined TCGA classification.’®* The
MGMT promoter methylation status of the patient-derived GSCs was determined as
described previously.? The mRNA of the parental glioblastoma tissue of the GSCs was iso-
lated with the RNeasy Mini kit (#74104, Qiagen Inc., CA, USA) The expression levels were
analyzed by the HumanHT-12 v4 Expression BeadChip microarray (Illumina, CA, USA),
as we have described previously.? The normalization and batch effect removal was done
as described previously by using Partek software, version 6.6 (Partek Inc., St. Louis, MO,
USA). The expression data was used to subtype the tumors to the transcriptionally-defined
glioblastoma classification of the TCGA." We looked for patterns between responsiveness
and molecular subtype. The average expression levels of specific genes of responders and
non-responders to treatment were compared and the fold change was calculated including
the p-value by Student’s T-test. The KEGG pathways were used for identifying Rb-pathway
genes.

Adenoviral infection experiments

The patient-derived GSC cultures GS102, GS224, GS289, GS79, GS245 and GS249 were
seeded at 5x10° cells per well in 96-well plates. After 24 hours the cells were treated with
the concentrations of Scriptaid (1.5pM) and LBH589 (15nM) at which synergy with Delta-
24-RGD was measured. Ad.Luc.RGD was applied to the cells at MOI25. After 24 hours the
supernatant was removed and the cells were lysed using 0.9% Triton-X100. The plates
were frozen and infectivity was quantified by using the Luciferase Assay System (Pro-
mega) according to manufacturer’s instructions. Luminescence was measured with a
Tecan Infinite® Reader (Tecan Group Ltd., Mannedorf, Switzerland). The experiments
were performed in triplicate and the results are shown as mean absolute luciferase signal
+ standard deviations.

Flow cytometric analysis of integrin and CAR expression

The cells of GS102, GS289, GS79 and GS245 were seeded in 6-well plates at 5x10* cells per
well and treated with Scriptaid (0.5 and 1.5pM) or with LBH589 (5nM, 15nM, or 45nM).
The cells were harvested after 6 and 24 hours, were washed and incubated for 15 minutes
with FACS buffer (PBS/0.25% bovine serum albumin (BSA)/0.05% NaN3/0.5mM Ethyl-
ene-di-amine-tetra-acetic acid (EDTA)/2% human serum) containing primary antibodies
against integrin avf3 (mouse anti-CD51/CD61, 1:50, Abcam) and CAR (rabbit anti-CAR,
H-300, 1:50, Santa Cruz). After washing with FACS buffer, the cells were incubated with
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secondary antibodies Alexa-488 anti-rabbit and PE-anti mouse (Life Technologies). After
staining and fixing with BD FACS lysing buffer (BD Biosciences, San Jose, California) a
minimum of 3x10* events were acquired on a FACS Canto II (Becton Dickinson, San Jose,
California). The analysis of the flow cytometry data was done using Infinicyt software
(Cytognos, Salamanca, Spain). Debris and doublets were removed using FSC-H and FSC-A
after which expression was plotted for the remaining events.

Monitoring late viral gene expression by fluorescence imaging

The cells of the GSCs GS102, GS224 and GS289 were at 2.5x10° cells per well in a 96-wells
plate. After 24 hours the cells were treated with LBH589 or Scriptaid and the Delta24-RGD-
GFP virus. Fluorescence intensity was detected by the IncuCyte imaging system for 120
hours post-infection, and was quantified by the IncuCyte software as intensity per mm?
and by ImageJ fluorescent count per well. The experiments were performed in triplicate
and are presented * standard deviations.

Viral titration assay

The cells of GS102, GS224, GS79 and GS245 were seeded at 5x10* cells perwell. After24 hours
the cells were treated with Delta24-RGD in combination with Scriptaid or LBH589. After
48 and 96 hours the cells and supernatants were collected. The samples underwent three
freeze-thaw cycles and were centrifuged at 1.5x10° rpm for 3 minutes to remove cell debris.
Supernatants were added in serial dilutions in a titration setting to A549 lung adenocarci-
noma cells (ATCC, VA, USA), which were seeded at 1x103 cells per well. After 48 hours the
cells were fixed with ice-cold methanol, washed in in PBS/0,05% Tween-20 (Sigma-Aldrich)
and stained with primary mouse anti-hexon antibody in PBS/1% BSA from the Adeno-X™
Rapid Titer Kit (#632250, Clontech, CA, USA). After counting the hexon plaques under a
microscope, the viral titers were calculated. The results are displayed as the mean viral
titers of triplicates. Significant different titers were considered as such in case of p<0.05.

Caspase-3/7 apoptosis assay

The cells of GS102, GS224 and GS289 were seeded at 5x10° cells per well in a 96-well plate
and incubated with the concentrations of Scriptaid (1.5pM) and LBH589 (15nM) at which
synergy was detected. Virus was added at MOI15 or MOI25 followed by the addition of 5uM
of reagent of the CellPlayer 96-Well Kinetic Caspase-3/7 Apoptosis Assay (Essen Biosci-
ence). The plates were placed in the IncuCyte imaging system at 37°C in a humidified 95%
air/5% CO, chamber. Three images/well were taken every two hours in both phase-con-
trast and fluorescence for 60 hours. Caspase-3/7 activity is presented as counts per well.
Experiments were performed in triplicate and means are plotted as percentages of non-
treated controls * standard deviations.

Western blot analysis

Western blot analysis was performed on protein extracts from the cells of the primary
GSC culture GS102, treated with LBH589 and Scriptaid in combination with Delta24-RGD
at the synergistic concentrations. The cells were seeded and treated with HDACi/Delta4-
RGD. At 72 hours after treatment cells were harvested, washed with PBS and lysed with
RIPA lysis buffer (Sigma-Aldrich). Protein concentrations were measured using the BCA
Protein Assay Reagent Kit (Roche, Basel, Switzerland). Protein separation was performed
on pre-casted 4-15% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) gels (Bio-Rad, CA, USA) and blotted onto a polyvinylidene fluoride membrane
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(Immobilon-P, Millipore). Blocking was carried out with 5% non-fatty milk in Tris-Buffered
Saline-Tween 20 (TBS-T) for 45 min at room temperature. Membranes were incubated
overnight with primary antibodies against p-actin (1:5,000, Millipore, MA, USA), LC3BI/
11, (1: 500, Cell Signaling), p62 (1:500, # ah56416, Abcam, Cambridge, UK), phospho-p70S6K
(1:500, Cell Signaling) in 5% BSA/TBS-T. The membranes were washed with TBS-T and
incubated with secondary antibody for 1.5 hour at room temperature (anti-rabbit-HRP,
anti-mouse-HRP; 1:2000, Dako Denmark A/S, Glostrup, Denmark). Staining of p-actin was
used as protein loading control. Proteins were visualized by the Pierce ECL kit (Roche),
ChemiDoc MP (Bio-Rad) and ImageLab version 4.1 (Bio-Rad).

Lactate dehydrogenase assay

The cells of GS102, GS224 and GS289 were seeded at 1.5x10° cells per well in a 96-well
plate and incubated with two concentrations of Scriptaid and LBH589 and Delta24-RGD.
The cells were incubated for five days after which the amount of LDH in the supernatant
was determined using the CytoTox-One assay (Promega) according to the manufacturer’s
protocol. The fluorescence was measured in a Tecan Reader. The results are presented
as LDH levels per viable unit as calculated from the percentage viability of non-treated
controls. The experiments were performed in triplicate. The means are plotted * standard
deviations.

Statistical analysis

Patient-derived GSC cultures were classified as sensitive to therapy (responder) when
the enhancement? was > 1, and the combination treatment was significantly better than
either monotherapy (p<0.05). The samples that did not meet these criteria were defined as
resistant to combination treatment (non-responders). The experiments were performed in
triplicate and the results are presented as mean percentage of the non-treated controls *
standard deviation. Student’s T-test was used to determine differences, which were con-
sidered significant if p<0.05. The time-based assays were analyzed by comparing single
treatment to combination treatment cells by one-way ANOVA and a Tukey’s Post-Test.

7.3 Results

HDAC inhibitors enhance Delta24-RGD oncolysis in a subset of GSC cultures

The combination assays with the five HDACi Scriptaid, LBH589, MS275, SAHA and VPA
combined with Delta24-RGD were performed on eight GSCs. Delta24-RGD and drug treat-
ment were applied simultaneously. At least two drug concentrations with two virus MOIs
were tested per culture. The combinations of Scriptaid and LBH589 with Delta24-RGD
were most effective. Scriptaid and LBH589 both enhanced the oncolytic activity of Delta-
24-RGD in 5/8 and 4/8 (Figure 1A-B) of the tested GSCs with enhancement factors rang-
ing from 1.2 - 2.9 for Scriptaid and 1.2 - 4.4 for LBH589, respectively (Table 1). SAHA and
VPA were less effective than MS275, LBH589 and Scriptaid in enhancing viral oncolysis. In
2/8 of the patient-derived cultures SAHA/Delta24-RGD had additional effects (Figure 1C),
enhancing 1.3-fold and 2.7-fold (Table 1). Furthermore, 2/8 GSCs responded to VPA/Delta
24-RGD treatment (Figure 1D) with enhancing effects of 1.4 and 1.5 (Table 1). The MS275/
Delta24-RGD combination showed benefit in 5/8 GSCs (Figure 1E) with enhancing factors
of 1.2 - 1.6 (Table 1). Based on the enhancement factors as well as the percentage of GSCs
that were sensitized by the drug, Scriptaid and LBH589 were selected for further evalu-
ation in combination with Delta24-RGD in six additional GSCs. Scriptaid and LBH589

COMBINATION THERAPY OF HDAC INHIBITORS AND DELTA24-RGD

103



104

showed combined additive effects with Delta24-RGD effects in 8/14 and 9/14 of the tested
GSCs, respectively (Table 1, Supportive Information S1).
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Figure 1. Delta24-RGD combined with various HDACI in patient-derived GSC cultures.

(A-E) The eight patient-derived GSC cultures that were treated according to a simultaneous treatment sched-
ules of HDACi and Delta24-RGD at indicated concentrations and MOIs, respectively. The treatments were
added concomitantly to the cells. Results are shown for one dose of drug and one dose of oncolytic virus, for
Scriptaid (A), LBH589 (B), SAHA(C), VPA (D) and MS275 (E). Response was defined as a reduction in viability,
which was significantly different from both mono-treatments (p<0.05), and is indicated in the graph by the blue
bars (responders). If not meeting these criteria, the culture was defined as resistant (red bars). The results are
displayed by the mean viability % * standard deviations of triplicates. *Indicates significance of combination
treatment compared to HDACI or Delta24-RGD alone, p<0.05.
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Correlation of molecular characteristics with HDACi/Delta24-RGD treatment response
We evaluated whether specific molecular characteristics of the various GSCs were associ-
ated with HDACi/Delta24-RGD response (Supportive Information S2). A variety of molec-
ular parameters were evaluated as markers for response, including the TP53 status, the
tumors’ HDAC, Rb-pathway and integrin gene expression levels, MGMT promoter meth-
ylation (Table 1) and the molecular subtyping classification according to the TCGA (Table
1). None of the markers except for three Rb-pathway genes and integrin expression lev-
els, showed a significant relationship with responses to combination treatments at the
p>0.01 level. For LBH589/Delta24-RGD, expression of the Rb-pathway genes mitotic arrest
deficient-like 2 (MADZL2, FC = 1.23, p=0.001), E2F transcription factor 2 (E2F2, FC = 1.63,
p=0.007) and CDC16 (FC = -0.44, p=0.008) were related to response. Integrin expression
levels of av (ITGAV) were related to Scriptaid/Delta24-RGD response (FC = 048, p=0.003).
However, these relationships showed small fold-changes. In conclusion, weak correla-
tions were found between response to combination treatment and Rb-pathway gene and
integrin expression levels.

LBHS589 and Scriptaid synergize dose-dependently with Delta24-RGD

Combination assays using the Chou Talalay method'® were performed on three respon-
sive GSCs, GS102, GS224 and GS289, to evaluate synergy between the HDACi Scriptaid
or LBH589 and Delta24-RGD. First the IC, values of Scriptaid, LBH589 and Delta24-RGD
were determined by median-equation calculation and subsequently the combination
assays were performed. The results revealed that both Scriptaid and LBH589 enhanced
the oncolytic effects of Delta24-RGD in a synergistic manner (Figure 2A-B) with combina-
tion indices below 1 (Figure 2C). Scriptaid significantly sensitized for Delta24-RGD in the
concentration range 0.2 - 14puM. LBH589 significantly sensitized for Delta24-RGD in the
concentration range 1.8 - 48nM. Thus, the HDACi Scriptaid and LBH589 both acted syner-
gistically with Delta24-RGD in all three responsive GSCs.

LBH589 and Scriptaid increase RGD-mediated adenovirus infection in GSC cultures

To determine whether the combination effects of Delta24-RGD and HDACi were associ-
ated with enhanced viral infection, six different GSCs were infected with the replica-
tion-deficient vector Ad.luc.RGD in combination with Scriptaid and LBH589. Three of
these GSCs were responsive to HDACi/Delta24-RGD treatment (GS102, GS224 and GS289)
and three cultures were resistant (GS79, GS245 and GS359). The concentrations used were
in the range at which synergy was detected in the Chou Talalay assays, namely 15nM for
LBH589 and 1.5uM for Scriptaid. Luciferase expression was determined as a measure of
infection efficiency (Figure 3A). The results show that LBH589 significantly enhanced
the Ad.luc-RGD-mediated luciferase expression (p<0.05) in all three responders, GS102
(p<0.01), GS224 (p=0.03) and GS289 (p=0.04, Figure 3A). Similarly, Ad.luc.RGD combined
with Scriptaid also resulted in significantly higher luciferase levels compared to Ad.luc.
RGD alone in GS102 (p<0.01), GS224 (p=0.03) and GS289 (p<0.01). The two HDACI did not
enhance the Ad.luc.RGD-mediated Iuciferase expression in the resistant glioblastoma cul-
tures. In fact, for GS79 even a decrease of infection efficacy was observed (p<0.05). To sum-
marize, the HDACI increased viral infection in the three responsive GSCs but not in the
three resistant GSCs.
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Figure 2. Scriptaid and LBH589 synergize with Delta24-RGD oncolysis in patient-derived GSC cultures.

(A) Chou Talalay assays were performed for Scriptaid (uM) and Delta24-RGD (MOI) to determine synergy in the
GSCs GS102, GS224 and GS289. The treatments were added concomitantly to the cells. The results were
depicted as viable fraction (0 - 100) compared to non-treated controls + standard deviation for three replicates.
*Indicates significant difference between combination and single agent treatments alone at p<0.05 level.
(B) Chou Talalay assays were performed for LBH589 (nM) and Delta24-RGD (MOI)to determine synergy in the
responsive GSCs GS102, GS224 and GS289. The treatments were added concomitantly to the cells. The results
were depicted as viable fraction compared to non-treated controls + standard deviation for three replicates.
*Indicates significant difference between combination and single agent treatments alone at p<0.05 level.
(C) The combination indices (CI) for both drugs and Delta24-RGD were calculated and shown in the same graph
per GSC. A Cl of < 1indicates synergy between the two agents.
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Figure 3. Increased Ad.luc.RGD infection and integrin levels by HDACI treatment in responding patient-
derived GSC cultures.

(A) Responsive GSC cultures (blue, GS102, GS224 and GS289) and resistant cultures (red, GS79, GS245 and
GS249) were treated with LBH589 (LBH, 15nM) or Scriptaid (Scr, 1.5uM) and concomitantly infected with the
luciferase expressing vector Ad.luc.RGD. Luciferase expression was measured after 24 hours post-infection.
The results are presented as relative luciferase units (RLU)/100 pL lysate. *Indicates significance of combina-
tion treatment compared to virus alone (p<0.05). (B) The cells of three responders (left, GS102, GS224 and
GS289) and two non-responders (right, GS79 and GS245) were treated with LBH589 (blue) and Scriptaid (red) as
indicated. After 6 hours (Supportive Information S3) and 24 hours (shown) the cells were harvested and the
integrin avp3 (left) and CAR (right) levels were determined by flow cytometry analysis.

LBH589 and Scriptaid moderately increase avf3 integrin levels in responsive cultures
As anext step, we evaluated whether the increased infection efficacy in the HDACi-treated
responsive cultures was related to increased levels of the Delta24-RGD binding sites.
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Therefore flow cytometric analysis of surface expression of the coxsackie adenovi-
rus receptor (CAR) and avp3 integrins was performed on three responsive GSCs, GS102,
GS224 and GS289, as well as two resistant cultures, GS79 and GS245 (Figure 3B). The cells
were treated with two concentrations of HDACI as in previous experiments. At 6 hours
post-treatment, LBH589 and Scriptaid increased CAR and integrin levels in the respon-
sive GS102. In GS289, LBH589 did not affect cell surface receptor levels and only the high
concentration of Scriptaid increased CAR and integrin levels (Supportive Information S3).
At 24 hours the avf33 levels were elevated in GS102 and GS224 by Scriptaid and in GS102
also by LBH589. CAR levels had returned to baseline levels in GS102. On the contrary, in
GS289 and in the resistant GSCs, GS79 and GS245, no alterations were observed in avp3
or CAR levels. To summarize, HDACi primarily increased integrin levels in responders and
not in non-responders. The results suggest that up-regulation of the important cell surface
receptor for Delta24-RGD, namely avf3 integrin, plays a role in the increased cytotoxicity
of Delta24-RGD/HDACI treatment.

LBHS589 and Scriptaid increase late viral expression but decrease progeny production
We studied the effects of HDACi on the pattern of late viral gene expression using the
GFP-encoding variant of the virus, Delta24-RGD-GFP, which has the GFP under the control
of the adenoviral E3 promoter. This virus allows in vitro real-time monitoring of late viral
gene expression as a marker for viral replication (Figure 4A-B). The results in responders
GS102 and GS289, show that combination treatment with LBH589 or Scriptaid increased
the GFP expression compared to Delta24-RGD-GFP alone (p<0.05). In GS102, Scriptaid led
to a delayed onset of GFP intensity increase compared to Delta24-RGD-GFP and increased
the GFP expression between 100 - 150 hours post-infection (p<0.05). There was no signif-
icant increase in GFP expression by the HDACI in GS224. To evaluate whether increased
levels of late viral gene expression translate to increased viral progeny production, we per-
formed viral titration experiments for the Delta24-RGD/HDACi combination treatments
on two responder (GS102 and GS224) and two non-responder (GS79 and GS245) GSCs (Fig-
ure 4C). Analysis of lysates of treated cells did not reveal an increase in titers of infectious
viral particles at 48 or 96 hours post-treatment, but a decrease in both responsive and
non-responsive cultures (p<0.05).

Both HDACi enhance necrosis, whereas Scriptaid also enhances apoptosis and
autophagy.

Next, we assessed whether enhanced viral oncolytic activity by HDACi could be attributed
to activation of the cell death-associated mechanisms apoptosis, autophagy or necrosis,
which are all known to be relevant in oncolytic viral therapy. Figure 5A shows the caspase
3/7 activity, a marker for apoptosis, for the three responsive cultures GS102, GS289 and
GS224. Caspase-3/7 activity was increased by Scriptaid in two of three cultures. Delta-
24-RGD induced caspase activity in all three GSCs. The caspase activity was further aug-
mented by co-incubation with Scriptaid (p<0.05) in GS102. In contrast, LBH589 did not
effectively alter virus-induced caspase-3/7 activity.

For detection of autophagy, Western blotting was performed to visualize the conversion
of the LC3BI to the LC3BII protein as well the consumption of the p62 protein (seques-
tosome-1) and phospho-p70S6kinase (Figure 5B). In GS102 cells Scriptaid as well as Del-
ta24-RGD/Scriptaid increased the LC3BII levels at 72 hours post-treatment. This increase
in conversion was less evident for the single and combination treatment with LBH589. In
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support of the effects of Scriptaid on autophagy induction, both p62 and phospho-p70S6K
levels were decreased by Scriptaid in both mono and combination therapies (Figure 5B),
whereas p62 was consumed more in the combination modality. The cell death marker LDH
was studied to evaluate whether necrotic response occurred after combination treatment.
Five days post-treatment, the LDH levels were elevated in all three responsive GSCs, after
combination treatment with Scriptaid/Delta24-RGD (Figure 5C). This also occurred after
combination treatment of LBH589/Delta24-RGD in GS224 and GS289. The degree of LDH
increase varied between the different GSC cultures. In conclusion, the combination effects
of HDACi/Delta24-RGD appear based, at least partly, on the induction of caspase-3/7-me-
diated apoptosis, and of autophagic and necrotic cell death.
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Figure 4. The effects of HDACi on viral transgene expression, replication and production.

(A) GS102, GS224 and GS289 cells were concomitantly treated with LBH589 or Scriptaid and Delta24-RGD-GFP
virus. In a time-lapse, fluorescence intensity per mm? and counts per well were measured and analyzed using
the IncuCyte system and Image J, respectively. The results were plotted graphically as means + standard devia-
tion. *Indicates significance of the combination treatments compared to Delta24-RGD alone (p<0.05). (B) Repre-
sentative fluorescence images acquired by the IncuCyte system at 96 hours are shown of GS102, GS224 and
GS289 (magnification 10X) . (C) Cells of the responsive GSCs GS102 and GS224 (blue), and cells of the non-re-
sponsive GSC cultures GS79 and GS245 (red) were concomitantly treated with Delta24-RGD and LBH589 or
Scriptaid. The viral titers in the cell extracts that were obtained at 48h and 96h post-treatment are shown.
*Indicates significant difference in the viral titers of Delta24-RGD alone compared to the combination treat-
ments with HDACi and Delta24-RGD (p<0.05).
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Figure 5. Affected cell death mechanisms in HDACi/Delta24-RGD treatment.

(A) The cells of GS102, GS224 and GS289 cells were concomitantly treated with HDACi and Delta24-RGD.
Caspase-3/7 activity was measured using caspase-3/7 apoptosis assay and the IncuCyte system and counts/
well are shown *Indicates significance at p<0.05 for single treatments compared to non-treated controls *
standard deviation; and **/*** Indicates significance at p<0.05 for the combination treatments compared to
controls (**) and the two single agent treatments (***). (B) The cells of GS102 were concomitantly treated with
HDACI and Delta24-RGD. After 72 hours, the cells were harvested and LC3BI/II, p62 and phospho-p70SK levels
were determined by Western blot analysis. Beta-actin was detected as a loading control. (C) The cells of GS102,
GS224 and GS289 cells were concomitantly treated with Scriptaid (upper panel, grey) or LBH589 (lower panel,
white) and Delta24-RGD. The LDH levels were determined using the CytoTox-One Assay reagent at five days
post-treatment. Fluorescence was measured with the Tecan reader. The LDH levels are presented as percent-
age of non-treated controls + standard deviation, corrected for viability. * Indicates significance at p<0.05 for

the combination treatments compared to controls (**) and the two single agent treatments.(***)
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Primary human astrocytes are insensitive to HDACi and Delta24-RGD

In addition to the viability experiments on GSCs, we tested the drugs in combination with
Delta24-RGD on normal human astrocytes to gain insight into toxicity of these regimens.
The normal human astrocytes were treated with various concentrations of drugs, virus
and the combination of both. Phase contrast images obtained at 120 hours and did not
reveal any morphological changes as depicted in Figure 6A. Moreover, cell growth conflu-
ence data derived from this time course experiment detected no significant effects of any
of the tested treatment combinations (Supportive Information S4). Viability assessment
by CellTiter-Glo assay showed very limited toxicity, with less than 20% reduction in cell
viability (Figure 6B). No additive effects of the combination treatments were detected for
any of the tested concentrations.
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Figure 6. The effects of HDACi/Delta24-RGD on normal human astrocytes.

(A) Normal human astrocytes were concomitantly treated with a dose range of HDACi and Delta24-RGD and
monitored for morphological changes using the IncuCyte imaging system. Representative images at day five
are depicted (10X magnification) for the tested conditions. (B) Viability of the cells was measured at day five
post-treatment using the CellTiter-Glo assay, and the results are shown as percentage of non-treated control
cells * standard deviation. *Indicates significance at p<0.05 of the treated cells compared to the non-treated
control cells.

COMBINATION THERAPY OF HDAC INHIBITORS AND DELTA24-RGD

111



112

74 Discussion

In the current study we show that HDACI, in particular the novel pan-HDACi Scriptaid
and LBH589 are effective sensitizers for the oncolytic virus Delta24-RGD in a subset of
patient-derived GSC cultures. The limited toxicity to normal human astrocytes makes
these drugs interesting candidates for further investigation for combination treatment
with Delta24-RGD. These two HDACI have not been reported in combination with onco-
lytic virus therapy thus far. Notably, our data obtained on patient-derived GSCs, indicate
that response to HDACi and Delta24-RGD combination treatment varies between the types
of HDACI and between the different GSCs, with distinct responders and non-responders.
Although we aimed at correlating the treatment efficacy to tumor subtype or profile by
various methods, no clear relationships were observed between specific molecular mark-
ers and Scriptaid/Delta24-RGD or LBH589/Delta24-RGD responsiveness. An exception is
the potential relationship between expression levels of Rb-pathway genes and LBH589/
Delta24-RGD response, and av integrin expression and Scriptaid/Delta24-RGD response.
Larger patient-derived culture panels are required to substantiate this. Reports by others
indicate that HDACI interact differentially with the activity of various oncolytic viruses:
VPA was found to be an effective sensitizer of oncolytic herpes virus,? adenovirus??and
vaccinia virus.?® In contrast, VPA acted antagonistically with an oncolytic adenovirus.?
In our previous study testing anti-epileptic drugs in combination with Delta24-RGD, the
effects of VPA were very moderate and enhanced Delta24-RGD oncolysis only in a small
subset of tumors.® Together, these reports underscore the variability in response with
dependencies on tumor cell (sub)type, HDACI, and oncolytic virus strain.

In the present study, the two most effective HDACI, Scriptaid and LBH589, were further
investigated in an additional panel of six GSCs. Over 50% of the total of fourteen distinct
GSCs responded to Scriptaid-induced viral sensitization and 50% responded to LBH589-
induced viral sensitization. Efficacy was related to HDACi-induced up-regulation of av33
integrin expression and consequential increased infection efficiency of Delta24-RGD. Both
HDACI asserted this effect in responding, but not in non-responding GSCs. Our data sug-
gest that combined efficacy of HDACi and Delta24-RGD is at least partially determined by
improved viral attachment and infection. The finding that responders have higher base-
line gene expression levels of integrins than the non-responders may suggest that if gene
expression is relatively high, these cells are able to further increase integrin production,
whereas in non-responders, where gene production is already low or disturbed, this can-
not be increased by the HDACI. VPA has previously been reported to alter integrin expres-
sion on the tumor cell surface.? Likewise, the HDACi TSA and sodium butyrate enhanced
CAR levels and oncolytic adenoviral efficacy.?**® In our study, CAR was not consistently
up-regulated in the patient-derived GSCs, which further supports that HDACi effects are
cell type and time-dependent. The avf3 integrin expression can be partially regulated by
the transcription factor Sp1,* which was previously reported to be induced by HDACi.*

The fact that the increased viral infection and late viral gene expression in our study,
did not translate to increased viral yield, suggests that combination therapy supports
early cell killing instead of viral replication. We hypothesize that the activation of cell
death mechanisms by the HDACi interferes with the final stage of the viral lytic cycle,
and hampers the assembly of new viral particles, a process that requires active cellu-
lar machineries. Indeed, we found that there were relatively more dead cells at 48 and
96 hours, as apoptosis, autophagy and necrosis markers were elevated compared to the
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monotherapies. Apoptosis,® autophagy® and necrosis-like cell death® are important mech-
anisms in Delta24-RGD adenoviral oncolysis.®** Autophagy and necrosis play a major role
in the immunogenic cell death.3* With regard to the effects of HDACI, not only cell death
is important but also the reported induction of the cell cycle arrest proteins p21 and p27,%
which induce cell cycle inhibition and dormancy in cellular replication machineries. These
effects of HDACI can explain the limited effects, despite the increased infection, on nett
viral replication and production.

We found that multiple mechanisms occur simultaneously in combination therapy. First
of all, early (0 - 60 hours) apoptosis plays a role specifically in Scriptaid combination
treatment. Secondly, autophagy plays a role for both HDACI (72 hours) as was observed
by p62 consumption and LC3B conversion, as well as by phospho-p70S6K inhibition.
Third, the LDH induction by degraded cells cannot be explained only by apoptosis and
autophagy, which suggest that other cell death mechanisms are active, including necrosis.
The observed effects of the HDACI, whether that is Scriptaid enhancing apoptosis, auto-
phagy and necrosis, or LBH589 supporting autophagy and necrosis, can offer an advan-
tage in boosting therapeutic efficacy by multiple mechanisms simultaneously. Moreover,
enhancement of immunogenic cell death may offer the additional value of boosting the
virus-induced anti-tumor immune response, known to play a key role in oncolytic viral
therapy in vivo.***® HDACI have been reported to induce antigen presentation and MHC-I
induction, which could potentially contribute to T-cell activation and in vivo efficacy of
the combination treatment.®® Therefore, further studies into these aspects of HDACi/
Delta24-RGD treatment are warranted.

7.5 Conclusion

The novel pan-HDACI Scriptaid and LBH589 in combination with Delta24-RGD exert
enhanced anti-tumor activity in patient-derived GSCs. The HDACi induced slight up-regu-
lation of cell surface integrins, facilitating adenoviral entry and leading to increased levels
of viral gene expression. Moreover, the HDACI (differentially) induced cell death pathways
in the GSCs, thereby accelerating the virus-induced killing of the infected cells but slightly
hampering the production of progeny virus. The concerted action of these two treatment
modalities leads to improved anti-tumor efficacy in patient-derived GSCs and shows very
limited toxicity in normal human astrocytes. Taken together, Scriptaid and LBH589 offer
opportunities potential candidates for future Delta24-RGD combination studies.
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Supportive Information S1.

Six additional GSC cultures were tested for combination effects of HDACi and Delta24-RGD. Results are shown
for one dose of the drugs Scriptaid and LBH589 and one dose of the oncolytic virus, as indicated. Response was
defined as an enhancement factor >1 (Table 1), which was significantly different from both single agents
(p<0.05). The red bars indicate resistant GSCs to combined treatment whereas the blue bars indicate sensitive
GSCs to combined treatment. The results are displayed by the mean viability percentage compared to non-
treated controls with the standard deviations. *Indicates significance of combination treatment compared to
drug or Delta24-RGD alone, p<0.05.
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Supportive Information S2.

The correlation data of responses to HDACi/Delta24-RGD and molecular characteristics of the patient-derived
GSC cultures, including TP53 mutation status, HDAC gene expression, Rb-pathway gene expression, and integ-

rin gene expression levels.

Scriptaid/Delta24-RGD LBH589/Delta24-RGD

ProbeIllumina FCNR-R p value ProbeIllumina FCNR-R p-value
HDAC9 -0,81 0,031 HDAC6 -0,142 0,672
HDAC9 -1,45 0,064 HDAC9 0,155 0,699
HDACS 0,60 0,073 HDAC7A -0,111 0,718
HDAC9 -0,67 0,107 HDAC1 0,072 0,741
HDAC8 -047 0,202 HDAC7A -0,115 0,746
HDAC7A 0,38 0,207 HDAC4 -0,053 0,763
HDACI10 048 0,298 HDACS8 0,023 0,951
HDAC3 -0,14 0,298 HDACI1 0,000 0,999
HDAC1 -0,20 0,341

HDAC9 -0,24 0444 Scriptaid/Delta24-RGD

HDAC2 -0,12 0,504 Gene FCR-NR p value
HDAC7A -0,20 0,563 ABL1 1,065 0,016
HDAC9 -0,16 0,691 CDK6 0,953 0,019
HDAC2 0,19 0,736 ANAPCI1 0,381 0,031
HDAC4 -0,05 0,772 CDC16 -0,074 0,031
HDAC6 -0,09 0,785 GADD45A 0,640 0,033
HDACI1 0,14 0,827 PTTG1 0,718 0,041
HDACS 0,10 0,861 PRKDC 0,115 0,044
HDAC7 -0,02 0,956 PTTG2 -0,667 0,045
HDAC7 -0,02 0,958 CCNA2 0,827 0,048
LBH589/Delta24-RGD LBH589/Delta24-RGD

Probelllumina FCNR-R p-value Gene FCR-NR pvalue
HDAC3 -0,247 0,049 MAD2L2 1,229 0,001
HDAC9 -0,505 0,213 E2F2 1,626 0,007
HDAC9 -0,466 0,280 CDC16 -0,437 0,008
HDAC9 -0,847 0,304 CDC16 -0,177 0,011
HDAC2 -0,175 0,332 CDKN2C 2,912 0,012
HDAC2 -0453 0,405 MCM7 0,350 0,012
HDAC9 -0,244 0,439 CCNE1 0,852 0,019
HDAC7 0,178 0,539 CDC16 -0,227 0,021
HDACS 0,219 0,543 CCNE1 1,019 0,024
HDAC7 0,232 0,554 CDKN2C 1,796 0,026
HDACS 0,268 0,651 CDC25B 0,585 0,028
HDACI0 -0,203 0,669 ZBTB17 0,354 0,031
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LBH589/Delta24-RGD GSC culture TP53 Status Scriptaid /
Gene FCR-NR p value Delta24RGD
CDK6 1,274 0,033 GS160 ND NR
MCM7 2,269 0,033 GS257 ND
CCNBI1 1,074 0,033 GS368 ND
CDC25C 2,320 0,034 GS79 ND NR
MCMS5 1,166 0,034 GS102 TP53A
TTK 1,877 0,034 GS184 TP53A
PTTG1 1,100 0,039 GS209 TP53A
CDKN2B 2,146 0,040 GS249 TP53A NR
ATM -1,292 0,044 GS224 WT R
RBLI1 -0,264 0,045 GS245 WT NR
GS274 WT
GS289 WT
Scriptaid /Delta24-RGD GS335 WT NR
Gene FC(R-NR) pvalue GS359 WT NR
ITGAV-Scriptaid |0483 0,003
ITGB3- Scriptaid [2,053 0,019 GSC culture TP53 Status LBH589 /
Delta24RGD
LBH589 /Delta24-RGD GS160 ND R
Gene FC(R-NR) p value GS257 ND NR
ITGAV-LBH589 0,363 0,034 GS368 ND NR
GS79 ND NR
GS102 TP53A R
GS184 TP53A NR
GS209 TP53A R
GS249 TP53A NR
GS224 WT R
GS245 WT NR
GS274 WT
GS289 WT
GS335 WT
GS359 WT NR
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Supportive Information S3.

The cells of the two responsive GSCs GS102 and GS289, were treated with LBH589 and Scriptaid as indicated.
After 6 hours of treatment, the cells were harvested and the integrin avp3 (left) and CAR (right) levels were
determined by flow cytometry analysis.

COMBINATION THERAPY OF HDAC INHIBITORS AND DELTA24-RGD

119



Scriptaid
=2 Delta24-RGD
= Scriptaid / Dello24-RGD
ns i " ns ns ns ns

2

OO it st s S 100 o ey i £y T

Confluence of cells
1% of ciris)
o S
I Ml ) |
o 8
1
cn I
sums 1o
suvavo! I
vsuwsno! [
1sumrzrvo! I

E:: 33 =20000 =0000 E:XfIfz:i 20000
5555 0333s 03333 c3&q3d 03383
-7e8 3338 rim = BER
EEE =z
ook 1
Concentrafion LBH587 and Delta24-RGD B Conceniration Scriptaid and Delta24-RGD

Supportive Information S4.

Confluence of the cells was measured at day five post-treatment by the IncuCyte imaging system and software,
and is presented as percentage of non-treated control cells + standard deviation. *Indicates significance at
p<0.05 of the treated cells compared to the non-treated control cells.
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Abstract

Oncolytic viruses (OV) have broad potential as an adjuvant for the treatment of solid tum-
ors. The present study addresses the feasibility of clinically applicable drugs to enhance
the oncolytic potential of the OV Delta24-RGD in glioblastoma. In total, 446 drugs were
screened for their viral sensitizing properties in glioblastoma stem-like cells (GSCs) in
vitro. Validation was done for ten drugs to determine synergy based on the Chou Talalay
assay. Mechanistic studies were undertaken to assess viability, replication efficacy, viral
infection enhancement and cell death pathway induction in a selected panel of drugs.
Four viral sensitizers (fluphenazine, indirubin, lofepramine and ranolazine) were demon-
strated to reproducibly synergize with Delta24-RGD in multiple assays. After validation
we underscored general applicability by testing candidate drugs in a broader context of a
panel of different GSCs, various solid tumor models and multiple OVs.

Overall this study identified four viral sensitizers which synergize with Delta24-RGD and
two other strains of oncolytic viruses. The viral sensitizers interact with infection, replica-
tion and cell death pathways to enhance efficacy of the OV.

8.1 Introduction

Patients newly diagnosed with glioblastoma have a median survival of 14.7 months
despite surgery and radiation combined with adjuvant chemotherapy using temozolo-
mide."? Hence, studies into more effective alternatives are warranted. An approach which
is currently under phase-I/1I clinical investigation is the use of the oncolytic adenovirus
Delta24-RGD.® Treatment with Delta24-RGD has shown promising results in preclinical
models4 and has demonstrated therapeutic responses in a subset of patients.? This is sim-
ilar to results of other oncolytic virus (OV) trials.® Delta24-RGD was engineered to specifi-
cally target and replicate in cancer cells deficient in the Rb pathway by means of a 24-base
pair deletion in the viral E1A gene. Insertion of the RGD-peptide into the fiber-knob
enhances viral entry by attachment to avp3/av5 integrins.® Delta24-RGD is therefore not
dependent on entry via the coxsackie adenovirus receptor (CAR), which is usually sparsely
expressed in glioblastoma.’

In OV therapy heterogeneous responses have been shown both in preclinical models as
well as in patients.*®® Therefore such treatment strategies require enhancement of OV
efficacy in order to be potentially curative. This can be achieved by enhancing replication,
attenuating cellular defense mechanisms to infection, enhancing viral lysis or altering the
immune response.

The current study is aimed at the identification of sensitizers of oncolysis mediated by
Delta24-RGD using the National Institutes of Health (NIH) clinical collection.’® One of the
advantages of this drug library is the favorable toxicity profile of the drugs as these agents
are routinely prescribed for a wide spectrum of clinical indications. Also, the pharmacolog-
ical properties are known for most of these agents. These factors make these drugs suit-
able for rapid translation into clinical trials after in vitro confirmation. Potential hetero-
geneity in response to the newly identified combination therapies was studied utilizing a
well-characterized panel of patient-derived glioblastoma stem-like cell cultures (GSCs).!"*2
This model is known to preserve the original phenotypic and genotypic tumor characteris-
tics."2 We characterize the identified viral sensitizers with regard to important aspects in
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glioblastoma treatment, including synergistic interactions and viral mechanistic enhance-
ment such as viral infectivity, protein production, expression and replication. Moreover,
we study the cellular induction of apoptosis and necrosis.

In addition, we present data on the general applicability of the identified drugs as viral
sensitizers in other types of neoplasms and in combination with other types of OVs. The
effects of Delta24-RGD are also enhanced by the identified viral sensitizers in triple neg-
ative breast cancer, ovarian carcinoma and colon carcinoma. Finally, the identified viral
sensitizers enhanced the efficacy of both the HSV-1-based OV G47A-mcherry* as well as
the naturally occurring oncolytic Newcastle disease virus (NDV)* in the GSC model.

8.2 Materials and methods

Clinical drugs

The NIH clinical collection which contains 446 drugs was obtained from the NCI/DTP
Open Chemical Repository (http://dtp.cancer.gov). All drugs were dissolved in DMSO at
10mM. For validation, the hereafter named drugs were purchased individually, dissolved
in DMSO and stored at -20°C. Anagrelide (37.5mM), rabeprazole (250mM) and Amlodip-
ine (500mM) were obtained from Sequoia Research Products Ltd. (UK). Ebselen (50mM),
fenoldopam mesylate (100mM), fluphenazine diHCl (100mM), indirubin (37.5mM), lofe-
pramine (50mM), stiripentol (400mM), sumatriptan succinate (100mM), ranolazine diHC]
(100mM) from Sigma-Aldrich (MO, USA).

Viruses

The oncolytic virus Delta24-RGD was used for the viability experiments and the titration
experiments. This virus has been described previously 6 and includes both a 24-base pair
deletion (E1A region) for selective replication in Rb-pathway deregulated tumor cells,
and an RGD peptide insertion for cell binding and entry using av integrins.'® The replica-
tion-deficient adenoviral vector Ad.luc.RGD was used for assessment of infectivity and
was kindly provided by Dr. D.T. Curiel, (University of Alabama, Birmingham, Al, USA).
The Delta24-RGD-GFP was constructed for monitoring viral replication using fluores-
cent imaging and contains a GFP expression cassette under the E3-promotor. This virus
was produced, purified and titrated as previously described.'® The Newcastle disease
virus (NDV) has been described previously.* The Herpes Simplex Virus-1 based OV G47A-
mCherry was constructed as described previously."®

Patient-derived serum-free cultured glioblastoma stem-like cells

The patient-derived GSCs used for the experiments included a panel of cultures that were
established and maintained under serum-free conditions. The tumor specimens were
acquired with patients’ informed consent and with approval of the institutional review
board of the ErasmusMC. The fresh resection material was dissociated mechanically and
enzymatically as described previously."! The applied method has been demonstrated to
1) retain genetic stability after passaging;'"’ 2) to recapitulate the phenotypic characteris-
tics of the original tumor''? and 3) to preserve markers of stemness in glioblastoma cells.®
The cells were maintained under serum-free conditions in DMEM/F12 medium supple-
mented with 1% penicillin/streptomycin, 2% B27, 20ng/ml bFGF, 20ng/ml EGF (Life Tech-
nologies, Paisley, UK), and 5ug/ml heparin (Sigma-Aldrich), at 37°C in a humid 95% air/5%
CO, chamber. The parental tumors and the cell cultures were molecularly characterized as
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has been described previously." The GSCs were classified as glioma World Health Organi-
zation (WHO) guidelines grade IV by histopathological assessment of the parental tumor.
The passages used were between p8 - p22.

Cell lines

The A549 lung adenocarcinoma cell line and SKOV3 ovarian carcinoma cells were
obtained from ATCC (VA, USA). The HCT-116 colon carcinoma cells were obtained from
Sigma-Aldrich. The triple negative breast carcinoma cell lines MB-MDA-231 was kindly
provided by K. Naipal, MD, of the Department of Genetics, ErasmusMC, Rotterdam, The
Netherlands. The cells were cultured in DMEM medium conditions with 10% FBS and 1%
penicillin/streptomycin. The cell lines were maintained at 37 °C in a humid 95% air/5% CO,
chamber.

Viability assays and screening method

Patient-derived GSCs and the cell lines of the other tumor types were seeded at 1x10°cells/
well in 96-well plates. After 24 hours of incubation the cells were treated with the drugs
at a concentration of 100pM, and combined with Delta24-RGD (MOI 50). Cell viability was
measured using the CellTiter-Glo assay (Promega, WI, USA) after five days of incubation.
For all drugs the combination drug effects were compared to single agent effects, with
DMSO as controls. In cases where cell viability was reduced by more than 75% by the drug
alone, the drug was re-screened at 10uM and 1pM. If the drug and the combination treat-
ment did not affect viability in this screen (<25% reduction of non-treated controls), i.e.
concentrations were too low, then the drug was tested in the third experiment at 50pM
and 5pM). Potent viral sensitizers had to meet the criteria of 1) an enhancement factor
(explained in the ‘statistical analysis’ section) of >2 in viability reduction in both of the
tested GSCs, and an absolute enhancement of >25% in one the cultures, and 2) the viability
of cells treated with the monotherapies had to be >25% compared to controls, as additional
effects are difficult to distinguish below this threshold. After identification of the drugs
that met these criteria, the drugs were further evaluated for available data on the blood-
brain barrier penetration.

The validation of identified drugs was performed using the Chou-Talalay assays, to deter-
mine synergy between Delta24-RGD and the drugs by median effect equation calculation.
For the Chou-Talalay assay, the IC,  values were determined via a concentration-range of
3-fold steps, ensuring no effect on the one end, and complete cell kill on the other end of
the concentration-range. Similarly, combination effects were determined using a concen-
tration range of the drug with a concentration range of the virus. Viability was measured
by CellTiter-Glo. The assays were performed in triplicate using the glioblastoma culture
GS79. The same cell culture as in the original drug screen was used for the Chou Talalay
experiments. The combination index was calculated for every combination and consid-
ered synergistic if <1, additive if =1 and antagonistic if >1. The screen on a panel of GSCs
was performed according to a same treatment regimen, by using two drug concentrations,
namely the IC_ value as determined in GS79 and a 2-fold step lower doses. Two MOIs of
Delta24-RGD were used (MOI 25 and MOI 75). The results are presented as percentage of
non-treated controls with standard error.
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Viral infection assays

The effects of the selected drugs on viral infection were assessed using the non-replicat-
ing vector Ad.luc.RGD as described previously.? GS79 and GS102 cells were seeded at 5x10°
cells/well in a 96-wells plate and kept overnight in an incubator. The cells were treated
with one concentration of the four drugs and infected with Ad.Luc.RGD. Post-infection,
the cells were incubated for 24 hours and permeabilized by a freeze/thaw cycle in Triton
X-100 (0.9% v/v). Steady-Glo substrate (Promega) was added and luciferase was meas-
ured with an Infinite M200 plate reader (Tecan, Switzerland). The results are presented
from three independent experiments as percentage of Ad.Luc-RGD only treated cells with
standard error.

Viral protein expression and viral titration assays by hexon staining

The viral protein expression in Delta-24RGD infected cells was determined by direct stain-
ing for viral hexon protein at 48 hours post-infection of GS79 cells. The cells were seeded
1x10° cells/well in 96-wells plates and after 24 hours, the cells were treated with Del-
ta24-RGD (Figure 1) or with Delta24-RGD and one of the viral sensitizers (Figure 3). After
48 hours cells were fixed with cold methanol and stained as described below. The results
are displayed as mean counts/well of triplicates with standard deviation.

Viral titration assays were performed to determine progeny viral particle production.
For this, GS79 cells were seeded at 5x10* cells per well and after 24h were treated with
Delta24-RGD in combination with each of the four drugs. At both 48h and 96h the cells
and supernatants were harvested. Three freeze-thaw cycles were performed, the cells
were centrifuged at 1500 rpm for 3 minutes to remove cell debris, and the supernatants
were collected. Supernatants were added in serial dilution to 1x10° cells per well of the
A549 lung adenocarcinoma cell line. At 48h cells were fixed using ice-cold methanol and
washed in PBS/0,05% Tween-20 (Sigma-Aldrich). Staining was done using the primary
mouse anti-hexon antibody in PBS/1% BSA (Adeno-X™ Rapid Titer Kit, #632250, Clontech,
CA, USA). The hexon plaques were quantified and viral titers were calculated in triplicate.
The results are shown as mean of the three viral titers and were considered significant if
p<0.05 (using the Students” T-test)

Late viral transgene expression using Delta24-RGD-GFP

Late viral transgene expression was studied by evaluating GFP expression from a Delta-
24-RGD-GFP virus. GFP expression was monitored over time. GS79 cells were seeded at
2.5x10° cells/well in 96-well plates and were incubated with the identified drugs and/or
Delta24-RGD-GFP at concentrations at which synergy had been detected by Chou Talalay
analysis. The plates were placed in an IncuCyte real-time cell imaging incubator (Essen
Bioscience) and GFP was measured for five consecutive days. The experiment was per-
formed in duplicate and fluorescence was measured every two hours and graphically dis-
played as mean object counts/mm?.

Flow cytometry on integrin avfi3 and CAR expression

GS79 cells were seeded at 5x10* cells per well in 6-well plates. After 24 hours the cells were
treated with fluphenazine, indirubin, lofepramine and ranolazine at the concentrations
shown in the results. At 4, 8 and 24 hours the cells were harvested, washed and incubated
for 15 minutes in FACS buffer (PBS/0.25%, BSA/0.05%, NaN3/0.5mM, EDTA/2% human
serum) using primary mouse anti-CD51/CD61 (1:50, Abcam (Cambridge, UK)) and primary
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rabbit anti-CAR (H-300, 1:50, Santa Cruz (Dallas, TX, USA)). After a washing step the cells
were incubated with Alexa-488 anti-rabbit and PE-anti mouse secondary antibodies (Life
Technologies). Next, the cells were fixed in BD FACS lysing buffer (BD Biosciences, CA,
USA). In the flow cytometry analysis, a minimum of 3x10* events was obtained on a FACS
Canto II (BD Bioscience). Flow cytometry data were analyzed by using the Infinicyt soft-
ware (Cytognos, Salamanca, Spain), where debris and doublets were removed with FSC-H
and FSC-A. The expression was plotted for the remaining events.

In silico analysis of pathways and target molecules

The Ingenuity Pathway Analysis (IPA) software was used for in silico analyses on the drugs
of interest. We aimed to find mechanisms related to the efficacy of combination therapy,
by analyzing downstream molecules influenced by the four drugs, fluphenazine, indiru-
bin, lofepramine and ranolazine. We investigated overlapping functions of the four drugs
to detect common pathways of interaction (IPA, Sept 2014). Firstly, molecules of common
pathways were identified for fluphenazine, indirubin, lofepramine and ranolazine by in
silico connection using the ‘build’ algorithm and addition of downstream direct and indi-
rect molecules. The results were projected in a network for the four drugs (Figure S2).
Furthermore, the ‘comparison analysis’ in the IPA software was used to analyze common
pathways of the four drugs and discover potential novel drugs with the same mechanism
of action. The top ten common pathways were considered significant if the p-value <0.05.
The analysis was based on the first and second level of downstream affected molecules of
the various drugs.

Caspase-3/7 activity

To evaluate Caspase-3/7 activity, cells were seeded 5x10° cells/well in a black-walled
96-well plate. The cells were treated with the four drugs as single treatment, virus alone,
orin combination with Delta24-RGD, at a concentration at which synergy was observed in
the Chou Talalay assays. Staurosporine (Sigma Aldrich, 20nM) was used as a positive con-
trol. The CellPlayer 96-Well Kinetic Caspase-3/7 Apoptosis Assay (Essen Bioscience) was
added to the wells and, the caspase-3/7 activity was tracked by fluorescent images over a
time period of 60 hours with the IncuCyte system using a 10X magnification at 37°C. Two
fluorescent images/well of triplicates were collected every two hours up to sixty hours
and displayed as object counts/mm?.

Lactate dehydrogenase assay

GS79 cells were seeded at 1.0x10° cells/well in a 96-well plate. After 24 hours, cells were
incubated with two concentrations of the drugs fluphenazine, indirubin, lofepramine
and ranolazine in the range at which synergy was detected and two concentrations of
virus (MOI 100 and MOI 50). The cells were incubated for five days and placed at 37°Cin a
humidified 95% air/5% CO, incubator. After this period, the amount of LDH in the superna-
tant was determined using the CytoTox-One assay (Promega). Fluorescence was measured
in a Tecan Reader. Cell viability was measured by CellTiter-Glo assay to calculate the ratio
of LDH per number of living cells. The results were presented as LDH per viable unit as
percentage of non-treated controls with the standard errors. The experiments were per-
formed in triplicate.
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Statistical analysis

In the primary compound screens, the “Enhancement” was calculated according to the
description of Chou,? namely the viability of the most effective monotherapy divided by
the viability of the combination therapy. The criterion for designating a drug as poten-
tial viral sensitizer was as follows: an enhancement of >2 in both tested cultures, and an
absolute reduction of the single drug treatment with >25% viability in at least one culture.
The “Absolute Difference” is the viability of the most effective monotherapy minus the
viability of the combination therapy, which determines the absolute reduction in viabil-
ity of cells in the combination treatment compared to the single agent treatment.?’ The
drug alone had to reduce viability by no more than 75% as below 25% viability combina-
tion effects are difficult to detect. The Chou-Talalay method was performed as described19
and means were plotted with standard deviations. To compare effects of different treat-
ments, the Student’s T-test was used, and statistical significance was reached if p<0.05.
The caspase-3/7 activity was calculated as objects counts/well. The caspase-3/7 activity
and Delta24-RGD-GFP over time were analyzed by a two-way ANOVA with a Tukey’s Post-
Test. The treatment effect was compared to the controls, and combination treatments to
both single agent treatments.

8.3 Results

GSCs demonstrate heterogeneous susceptibility to Delta24-RGD

The therapeutic efficacy of Delta24-RGD is heterogeneous between glioblastoma
patients.>® Therefore, investigations into potential viral sensitizers should be designed to
yield insights both from responsive and resistant models. To achieve this, we screened
eight GSCs for their responsiveness to Delta24-RGD. The non-replicating vector Ad.Luc.
RGD was used to assess infectivity and the results show substantial variation between the
eight GSCs (Figure 1a). GS79 was relatively resistant whereas GS359 was very sensitive
to adenoviral infection. The remaining cultures GS401, GS245 GS184, GS102, GS281 and
GS295 were intermediately sensitive. Next, the viral protein production of Delta24-RGD
during the first replication cycle was determined by staining for the adenoviral capsid pro-
tein hexon (Figure 1b) at 48 hours. The number of hexon counts at this time point revealed
a similar pattern to the luciferase expression data of Figure 1a, with the most resistant
GS79 having the lowest hexon counts and the most sensitive GS359 having the highest
counts. Two cultures were selected for the subsequent drug screen to investigate which
drugs sensitize glioblastoma to OV therapy with Delta24-RGD. Based on the infection and
viral protein production assays, GS79 was picked as the “resistant” sample and GS102 as
the “intermediate resistant” sample. Accordingly, the IC_; values of Delta24-RGD in GS79
and GS102 were found to be high compared to the MOIs observed in conventional cell
lines;® MOI1200 for GS79 and MOI70 for GS102 (Figures 1c-d).

Clinical drug screening identifies potential sensitizers of OV therapy with Delta24-RGD

In order to identify viral sensitizers of OV therapy with Delta24-RGD in GSCs, the NIH
clinical collection was explored (Figure S1a'). This collection contains 446 drugs most
of which have been approved by the FDA for use in humans for a wide spectrum of clini-
cal indications.? A third of these are central nervous system (CNS) drugs, including anti-
epileptics, antidepressants, antipsychotics. The drug screening strategy is illustrated in a
flow-chart (Figure S1b). The primary screen was performed on the two mentioned cultures
GS79 and GS102 at a drug concentration of 100pM. Potential viral sensitizers were defined
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as described in the methods section, which resulted in two arms. The first arm consisted
of 332 drugs for which monotherapy reduced viability between 25-75%. Of those drugs, six
had viral sensitizing effects in both GS79 and GS120. The second arm consisted of drugs
for which monotherapy at 100uM decreased GSC viability by more than 75% (n=114 drugs),
since this is incompatible with a reliable evaluation of additive effects with Delta24-RGD.
Therefore these drugs were titrated for combination therapy activity at 50, 10, 5 or 1uM,
which resulted in the identification of four viral sensitizers with enhancement effect at a
dosage of 10 or 5pM. In total ten drugs had a viral sensitizing effect in both GSCs. Table 1
provides an overview of these drugs which are; amlodipine, anagrelide, ebselen, fenoldo-
pam, fluphenazine, indirubin, lofepramine, ranolazine, stiripentol and sumatriptan
succinate.
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Figure 1. GSCs display heterogeneous susceptibility to oncolytic adenovirus in vitro.

(A) GSCs from eight individual patient samples were tested for susceptibility to adenovirus infection using the
luciferase expressing non-replicating vector Ad.luc.RGD. The data are shown as RLU in a logl0 scale with
standard deviation for the three different MOIs of the virus. Read out was performed after 24 hours post-infec-
tion. (B). Variability in adenoviral replication was assessed by staining for adenovirus hexon protein at 48
hours post-infection with three different MOIs Delta24-RGD. The data is presented as hexon counts/well (aver-
age of triplicate) in a logl0 scale with standard deviation. (C) Dose-response curves for Delta24-RGD on GS79
(relatively low infection and replication) and GS102 (relatively intermediate infection and replication). The
data are presented as viability of cells (percentage of non-treated controls) with standard deviation and IC,;
values are depicted as calculated by linear regression.

Synergy was detected for six of the potential viral sensitizers

The ten identified viral sensitizers were validated and tested for synergistic activity in
GS79 cells according to the Chou-Talalay methods.” The IC_, values were determined by
concentration-response assays (displayed in Table 1). The combination assays were per-
formed and the combination indices (CIs) were calculated. Four of the ten identified drugs
were synergistic (CI<1) and two were additive (CI=1) when combined with Delta24-RGD.
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Figure 2. Chou-Talalay synergy analysis on the potential viral sensitizers.

(A) Dose-response assays were performed on GS79 cells using the Chou-Talalay method to determine synergy
between Delta24-RGD and ten different drugs that were identified by the initial screen. The results are shown
for the six drugs that were classified by this method as synergistic or additive. Results are presented as per-
centage of controls with standard deviation. Read out was performed at five days post-infection. (B) The combi-
nation index (CI) for each drug in combination with Delta24-RGD was calculated by the Chou-Talalay method.
A CI of <1 is classified as synergy, a CI of = 1 as additive and a CI >1 as antagonism. The synergistically acting
drugs (anagrelide, fluphenazine, indirubin and ranolazine) are shown in the left CI/Fa-plot, whereas additively
acting drugs (lofepramine and rabeprazole) are plotted in the right CI/Fa-plot.
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These were anagralide, ebselen, fluphenazine, indirubin, lofepramine and ranolazine (Fig-
ures 2a-b, Table 1). The other drugs (amlodipine, fenoldopam, stiripentol and sumatriptan)
failed to reproduce enhancement in the wider concentration range of in vitro testing and
were therefore excluded from further validation. In addition, the literature was searched
for the ability of the six drugs to cross the blood brain barrier in vivo.???* Anagrelide was
excluded from further studies because it has not been reported to penetrate the blood-
brain barrier in vivo (Table 1), whereas this has been reported for the other drugs.

Viral sensitizers increase adenoviral infection and replication efficacy

To determine whether the drugs improved the efficacy of viral infection, the luciferase
expression of the Ad.Luc.RGD-infected GSCs was determined 24 hours after combination
treatment with ebselen, fluphenazine, indirubin, lofepramine and ranolazine. The dosages
at which synergy was observed were applied in these experiments. Fluphenazine, indiru-
bin and lofepramine significantly increased Ad.Luc.RGD infection in both GS79 and GS102
(Figure 3a, p<0.05). Ranolazine increased viral infection only in GS102. Ebselen decreased
luciferase expression in both GSCs (p<0.05 in GS79 and GS102). Triggered by the effect of
these viral sensitizers on infection efficacy it was hypothesized that these drugs may alter
the expression of viral entry receptors CAR and integrin avf3. Flow cytometry was per-
formed to investigate the expression of CAR and integrin avp3 before and after treatment
with the viral sensitizers (Figure 3b). Both indirubin and lofepramine were demonstrated
to influence the adenoviral receptor expression at 4 and 8 hours post-treatment. We did
not find up-regulation of entry receptors by fluphenazine although the viral infectivity
was increased as shown in Figure 3a. For ranolazine, no effects on the surface receptors
were observed. In summary, fluphenazine, indirubin, and lofepramine increased viral
infection. For lofepramine and indirubin this was associated with increased levels of CAR
and slightly increased levels of avp3 integrins.
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Table 1. Sensitizers to Delta24-RGD therapy identified by drug screening

The results are shown for all drug concentrations of the NIH clinical collection that were screened in vitro.
This table (Part I) shows the ‘hits’ that were selected for validation. The combinations of these drugs with Del-
ta24-RGD were more effective than virus alone in both GS79 and GS102 cells at the indicated concentrations
(column 2-4). The molecular weight of the agent is indicated (column 5), and the drug category and therapeutic
indication are provided (columns 6 and 7). The results are shown of the absolute difference in viability between
single and combination treatment as well as the enhancement factor of the combination therapy in the two GSC
cultures (Part II). The results of the validation experiments in GS79 are provided in the ‘Chou Talalay’ column
and in Part II of the table. Results of a literature search for blood-brain barrier penetration of the drugs is listed
in column 14. Legend: Mw kDa = molecular weight in kDa; absolute difference = mean difference between single
agent and combination treatment; enhancement = fold increase of viability loss due to combination treatment;
blanc = not tested; NO = no effect observed.

PART I
Drug 100 10 5 Mw Category Application Chou Talalay Cross
pM pM pM kDa BBB
Amlodipine Ca+-channel- . .
base NO X 409 blocker Hypertension Antagonism ND
Anagrelide X 254  a Pi‘ite;fiton Essential thrombo- Syner Not reported
HCl garee: cythemia, CML ynergy P
inhibitor
.. . . Invivo/
Ebselen NO X 274 Anti-oxidant Ulcer, inflammation Synergy L.
invitro
Fenoldopam Dopa-
p X 305 mine-recep- Hypertension Antagonism ND
mesylate -
torl agonist
Dopa-
Fluphena- mine-recep- . .
zine X X 437 tor-antago- Psychosis Synergy Invivo
nist
Anti-ne-
Indirubin X 262 OPl.a stic, Cancer, !nﬂamma- Synergy Invivo
anti-inflam- tion
matory
Lofepramine Tricyclic
Hel P X X 418 antidepres- Depression Additive Invivo
sant
Ranolazine Na+/
. X 427 Ca+-channel Angina Additive Invivo
diHcl
affector
Stiripentol X 234 GA];?S—?go— Convulsions Antagonism ND
sumatriptan |y g95 SHTLrecep- Migraine Antagonism ND
succinate tor-agonist
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PARTII

Drug Absdif. % GS79  Absdif. % Enh. Enh. IC,, (.M) in
GS102 GS79 GS102 GS79
Amlodipine base 3.50% 41.20% 35.56 28.39 12
Anagrelide HCI 60.70% 25.10% 6075 2524 142
Ebselen 26.30% 13.30% 264.24 7.34 15
Fenoldopam 73.30% 26.90% 12.42 1.87 62
mesylate
Fluphenazine 29.00% 1.40% 35 15.17 4
Indirubin 71.60% 61.20% 973 612.59 110
Lofepramine HC 4190% 32.10% 2.29 2.24 19
Ranolazine diHcl 36.50% 61.00% 2.56 23.09 431
Stiripentol 78.70% 18.00% 75.87 1.39 263
i:$atrlpta“ sucer 7760% 59.00% 36.23 13.2 622

Effects of the drugs on Delta24-RGD early viral replication, late viral gene expression
and progeny production

We investigated the Delta24-RGD viral hexon production during the first viral cycle as a
measure of replication efficacy after combination therapy with the viral sensitizers. At
MOI 60, the four drugs increased the number of hexon spots at 48 hours (p<0.05). Ebselen
slightly decreased the number of hexon counts/well (p<0.01). Fluphenazine, lofepramine,
and ranolazine all increased viral protein production by 2 to 3-fold and indirubin was most
effective, increasing the hexon counts by 3.7-fold (p<0.01) At the higher virus concentration
of MOI 125, only indirubin and ranolazine were still significantly increased compared to
control (Figure 3c).
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Figure 3. Viral sensitizers increase adenoviral infectivity and replication.

(A) GS79, GS102 and GS245 cells were treated with the indicated drugs and infected with Ad.Luc.RGD. Lucif-
erase expression was measured at 24 hours post-infection. The results are presented as a percentage of DMSO/
Ad.Luc-RGD-infected samples with the standard deviation. *Indicates significance difference between Ad.Luc.
RGD alone and Ad.Luc.RGD/drug at the p<0.05 level. (B) GS79 cells were treated with indicated drugs. After 4
hours, 8 hours and 24 hours (not shown), the cells were harvested and both CAR and integrin levels were ana-
lyzed for differences between the Delta24-RGD alone and Delta24-RGD/drug treated samples. Flow cytometry
histograms are presented. (C) GS79 cells were treated with three different MOIs of Delta24-RGD and the four
viral sensitizers. The adenoviral replication in the first viral cycle was measured as indicated by hexon counts
which are plotted as a percentage of DMSO/Delta24-RGD treated controls with standard deviations. *Indicates
significance at p<0.05 level of combination treatment compared to Delta24-RGD alone. (D) GS79 cells were
treated with the four drugs and infected with Delta24-RGD-GFP. The fluorescence intensity was measured and
analyzed with the IncuCyte software. GFP expression was counted as object count/mm? per time point. The
results are shown as means with the standard deviation. *Indicates significance at p<0.01 level of the combina-
tion treatments compared to Delta24-RGD alone.(E) GS79 cells were concomitantly treated with Delta24-RGD
and each of the four drugs, as indicated. The infectious viral particle titers in the cell extracts and supernatants
at 48 and 96 hours post-infection were determined by viral titration assay and are displayed graphically. *Indi-
cates significant difference in the viral titers of Delta24-RGD alone compared to the combination treatments
with drugs and Delta24-RGD (p<0.05).
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To measure the effects of the four drugs on the viral cycle in a longitudinal manner, we
performed time-lapse fluorescence imaging of Delta24-RGD-GFP infected cells. GFP is
expressed late in the replication cycle (Figure 3d). Indirubin, ranolazine and fluphenazine
peaked earlier than controls suggesting more efficient replication and lysis. The GFP data
was in line with the results of the hexon staining. Both indirubin and ranolazine enhanced
Delta24-RGD-GFP expression (p<0.01 and p<0.001 respectively). Differences in the kinetics
were observed, namely indirubin increased peak levels of GFP expression whereas ranola-
zine increased the fluorescence levels consistently over time without evidently enhancing
peak levels. In accordance with the previous findings, ebselen reduced viral replication of
Delta24-RGD-GFP (p<0.05). Due to the pronounced inhibitory effects of ebselen in both the
viral infection and replication assays this drug was not further evaluated.

To assess whether the enhancement of early and late viral protein production translates
to increased viral progeny production, viral titration assays were performed (Figure 3e).
Only indirubin increased the viral progeny production in GS79 cells at both 48 and 96
hours post-infection from 5.2x104 to 6.7x104 (p<0.05) and from 5.9x104 to 9.0x104 (p<0.05),
respectively, compared to Delta24-RGD alone. Interestingly, fluphenazine and ranolozine
achieved the opposite effect from indirubin: a decrease in viral progeny production at both
time points (p<0.05). Lofepramine did not significantly alter the viral progeny production.
In summary, the viral progeny production was increased by indirubin and was decreased
by both fluphenazine and ranolazine.

The viral sensitizers increase Delta24-RGD-induced oncolysis by enhancing apoptosis
and necrosis

We performed an in silico analysis using the Ingenuity Pathway Analysis (IPA) software
(Figure S2, IPA, September 2014) to identify which pathways are activated or inhibited by
the four viral sensitizers. Next, we evaluated whether identified cell death pathways are
relevant for viral oncolysis. Fluphenazine targets the dopamine receptor, indirubin tar-
gets the aryl hydrocarbon receptor and the apoptotic signaling molecules Bcl-2, BIRCS
and NFkB, lofepramine affects pro-apoptosis associated SMPD1 and ranolazine affects
the adrenergic receptor. The top ten of overlapping functions of the downstream mole-
cules of these drugs included relevant mechanisms for viral oncolysis such as cell death,
apoptosis and necrosis. Others have found cell death pathways to be affected by OV ther-
apy.?# Since oncolysis induced by the adenovirus is reported to be associated with both
apoptosis and necrosis, we investigated the role of the viral sensitizers in both cellular
responses. A longitudinal assessment of caspase-3/7 activity was performed to study the
role of the viral sensitizers on apoptosis. All four viral sensitizers induced caspase 3/7
activity at early time points post-treatment (Figure 4a). Infection with Delta24-RGD led to
a delayed onset of caspase 3/7 activity. Combination treatments of Delta24-RGD with each
of the four viral sensitizers also led to a delayed onset of caspase 3/7 expression but with
a higher peak activity level for indirubin at 9 - 15 hours and prolonged higher caspase 3/7
activity for fluphenazine, lofepramine and ranolazine at 30-60 hours (p<0.05).
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Figure 4. The selected viral sensitizers increase Delta24-RGD oncolytic efficacy by enhancing apoptosis and/
or necrosis.

(A) GS79 cells were treated with the four drugs and Delta24-RGD. The caspase-3/7 activity levels were meas-
ured during a time lapse of 60 hours. The fluorescent spots were counted and are shown as count/mm?. *Signif-
icance at p<0.05 combination vs. DMSO-controls;**Significance at p<0.05 combination vs. Delta24-RGD;
***Significance at p<0.05 combination vs. drug. (two-way ANOVA over whole episode). -|-In the graph indicates
significance at p<0.05 using the Students’ T-test of combination vs. both single agent treatments at single time
points. (B) GS79 cells were treated with the four drugs and two MOIs of Delta24-RGD. LDH activity was meas-
ured at five days post-incubation. Fluorescence and viability were measured, to correct for the amount of via-
ble cells. The LDH levels are presented as percentage of DMSO-controls with standard deviation, and corrected
for viability. *Significance at p<0.05 level of combination vs. Delta24-RGD or agent alone.

To determine necrotic cell death, a lactate dehydrogenase (LDH) assay was used. This
assay measures the release of LDH in the culture medium, which serves as a dynamic
marker for loss of cellular membrane integrity, an early event in necrotic cell death. (Fig-
ure 4b). Delta24-RGD (MOI 75) monotherapy increased LDH levels five days post-infection
(p<0.05 compared to controls). Fluphenazine was the only viral sensitizer that increased
LDH levels in combination with the virus compared to both single agents (p<0.05). Indiru-
bin and lofepramine combined with the virus increased LDH levels compared to the drugs
alone, whereas ranolazine increased LDH compared to the virus alone (p<0.05). In conclu-
sion, viral sensitizers combined with Delta24-RGD effectively induced both apoptotic and
necrotic cell death in vitro. The four drugs interacted with apoptotic cell death as derived
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from caspase-3/7 activity. Enhanced necrosis was demonstrated using ranolazine and
fluphenazine.
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Flgure 5. Viral sensitizers enhance Delta24-RGD efficacy in a broad panel of distinct.

Twelve patient-derived GSCs were tested with two different concentrations of the drugs in combination with
two different MOIs of the virus. The viability is shown as percentage of DMSO-controls with the standard devi-
ation. Fluphenazine/Delta24-RGD combination therapy demonstrated enhancement in all GSCs tested (a),
indirubin/Delta24-RGD in 11/12 GSCs (b), lofepramine/Delta24-RGD in 9/12 GSCs and (c) ranolazine/Del-
ta24-RGD in 11/12 GSCs (d). *Indicates significance at the p<0.05 level for the combination treatment compared
to both single agent treatments.

Viral sensitizers are effective in a broad panel of heterogeneously responding patient-
derived GSCs

Glioblastoma is a heterogeneous tumor, which has profound consequences for efficacy of
therapeutics. To place the viral sensitizing ability of the four drugs in the context of this
molecular heterogeneity, a broader panel of GSCs was employed to investigate their gen-
eral applicability. Table 2 shows the molecular characteristics of the panel of GSC cultures
indicating that all TCGA-defined subtypes are represented as well as both methylated
and unmethylated MGMT promoter subtypes. The viral sensitizers were combined with
Delta24-RGD in the GSCs that were used in the initial infectivity studies (Figures 1a-b) and
expanded with an additional set amounting to a total of twelve GSC cultures. The four viral
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sensitizers were applied in two different concentrations in combination with two MOIs
of Delta24-RGD (Figures 5a-d). Significant enhancement was considered if the combina-
tion therapy decreased the viability compared to both single agents therapies (p<0.05).
Fluphenazine was effective in enhancing Delta24-RGD oncolysis in all twelve patient-de-
rived GSCs. Indirubin was effective in 11/12 GSCs. Lofepramine was effective in 9/12 cul-
tures mainly at the higher concentration of 20uM and ranolazine was effective in 11/12
cultures. Overall, these data confirm that the four drugs that were identified as potential
viral enhancers by a screen on GS79 are effective in a broader panel of patient-derived
GSCs, which bears distinct molecular characteristics and shows differential sensitivity
to Delta24-RGD. These findings suggest that the identified sensitizers could be effec-
tive in enhancing Delta24-RGD oncolytic therapy in a broader context of heterogeneous
glioblastomas.

Table 2. Molecular subtypes of the panel of GSC cultures.

Twelve patient-derived GSC cultures were used for the screening of the identified viral sensitizers in a larger
panel. The culture used for the initial experiments (GS79) is also included in the table. The molecular character-
istics are shown, including the molecular subtype according to The Cancer Genome Atlas (TCGA) and the MGMT
promotor methylation status.

Primary GSC culture Molecular subtype MGMT methylation status
GS79 CLA UM
GS102 NEU M
GS184 CLA M
GS209 PRO UM
GS245 NEU UM
GS257 CLA UM
GS281 MES UM
GS295 MES UM
GS335 CLA M
GS357 CLA M
GS359 MES M
GS368 CLA UM
GS401 PRO M

General applicability of the drugs: enhancement in other tumor cell lines and enhance-
ment of other viruses

The applicability of the four drugs as viral sensitizers was subsequently investigated in a
broader perspective. We tested the combination of Delta24-RGD and the viral sensitizers
in other tumor cell lines, namely the breast carcinoma cell line MB-MDA-231, the ovarian
cancer cell line SKOV3 and the colon carcinoma cell line HCT-116 (Figure 6a; Supplemen-
tal Figure 3-4). Chou-Talalay assays were performed to determine synergy, additivity or
antagonism. The results reveal that fluhpenazine, indirubina and ranolazine show syn-
ergy in all three cell lines, however there are large differences in the actual enhance-
ment. Lofepramine showed additive enhancement in HCT-116 and synergy in SKOV3 and
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MB-MDA-231 cell lines. Ranolazine showed synergy at low concentrations in SKOV3 cells,
at high concentrations in MB-MDA-231 cells and at all concentrations in HCT-116 cells. In
summary, the four drugs, and in specific, ranolazine and indirubin are effective sensitizers
of Delta24-RGD in other tumor cell lines including those originating from triple negative
breast carcinoma, colon carcinoma and ovarian carcinoma. The extent of the enhance-
ment could be tumor type dependent. In addition, we assessed the sensitizing effects of
the four compounds on two other OVs, the Newcastle disease virus (NDV) and the Her-
pes Simplex Virus-based G47A-mcherry in GS79 and GS102 (Figure 6b; Figure S4). The
results show that fluphenazine, indirubin and lofepramine effectively synergized with
G47A-mcherry in both GSCs. All four drugs were effective in combination with NDV, where
ranolazine was the least effective drug. Also, the extent of the enhancement depended on
both the virus and the cell culture . In summary, fluphenazine, indirubin and lofepramine
are effective viral sensitizers for the OVs based on NDV and HSV vectors.
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Figure 6. Drug/virus combination effects in different tumor cell lines and with different OVs.

(A) Dose-response combination assays were performed using Chou-Talalay analysis to study interaction
between Delta24-RGD and the four viral sensitizers in three tumor cell lines, being triple negative breast, ovar-
ian and colon carcinoma cells. Viability was measured at day five post-treatment. The combination indices (CI)
were calculated and are shown for the various treatment combinations in these cell lines. (B) Dose-response
combination assays were performed using Chou-Talalay assays to study interaction between the four viral sen-
sitizers and oncolytic HSV and NDV in the GSCs GS79 and GS102. Viability was measured at day five post-treat-
ment. The combination indices (CI) are shown for the various treatment combinations in these cell lines.

8.4 Discussion

The present study has identified four clinical approved viral sensitizers for the oncolytic
adenovirus Delta24-RGD in patient-derived GSCs, namely fluphenazine, indirubin, lofe-
pramine and ranolazine. Mechanistic studies attributed the synergistic activity with the
virus partly to enhanced infection, replication or both. Not in the least, the induction of
programmed cell death through apoptosis and or necrosis, was found to be increased and
accelerated. As such, we conclude that these four viral sensitizers are potentially promis-
ing adjuvants to virotherapy for glioblastoma.
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Previously, we have reported the strength of implementing a panel of GSCs for the assess-
ment of combination therapy for glioblastoma in vitro.>?>* The NIH clinical compound
library has been applied to GSCs before®* which resulted in the identification of numer-
ous GSC specific compounds, and established the use of GSCs as a useful tool for drug
screening experiments. Interestingly, Pollard et al., identified fluphenazine as a monother-
apeutic agent in three GSC cultures as well. We here performed the first systematic drug
screen to identify clinically approved drugs that enhance oncolytic adenovirus potency.
Others have identified synergizing compounds in a mechanism driven strategy,*** or by
combining the current clinical standard therapeutics®-® and radiation therapy****° Com-
pound screenings for oncolytic HSV, myxoma and VSV have been reported using other
chemical libraries.*** The strategy to detect viral sensitizers through high throughput
screening, as implemented in this study, results in the unbiased detection of very potent
FDA approved compounds.

One of the advantages of screening panels of GSCs is the identification of responders and
non-responders, which grants the opportunity to investigate underlying mechanisms.*
Accordingly we have observed that the response to Delta24-RGD therapy is heterogene-
ous® and may be driven by cell-entry receptors, autophagy mediated lysis and cellular
anti-viral response.?’#445 Viral sensitization by these four compounds was reproduced in a
panel of twelve GSCs, which suggests applicability of combination therapy in both intrin-
sically resistant and susceptible glioblastoma patients. Furthermore, viral sensitizing by
the four drugs was not restricted to Delta24-RGD; both NDV and HSV virotherapy syner-
gized with these compounds, nor was is restricted to glioblastoma, as viral sensitizing was
observed in cell lines derived from other tumors. These results suggest that a more gen-
eral mechanism of action underlies these combination therapies.

The combination of the in vitro drug screen and the in silico pathway analysis on the iden-
tified compounds was shown to be a powerful tool to predict mechanisms of action. As
indicated by the in silico analysis, the four compounds converge on cell death pathway
enhancement, which we could substantiate in the validation experiments. The pathways
identified were of specific interest for combination treatment with Delta24-RGD, as apop-
tosis and necrosis have been shown to be involved in oncolytic cell death.%64®

The identified viral sensitizers have been sparsely investigated in the context of OV ther-
apy. Below, we discuss the four viral sensitizers individually with regard to the mechanism
of action, the reported effects in combination with viruses and their known effects on the
immune response. The immune response is crucial for Delta24-RGD efficacy in vivo.*

Fluphenazine is a neuroleptic drug used for the treatment of psychosis and has not been
previously identified as a viral enhancer. The drug enhanced infection, viral protein syn-
thesis as well as oncolysis in the whole panel of patient-derived GSC cultures. Interestingly
the viral progeny yield was decreased which may be related to the enhanced apoptotic
and necrotic cell death possibly interfering with efficient viral particle production. Earlier
fluphenazine was reported to inhibit leukemia and brain tumor cells,*%* which may be
related to the inhibition of calmodulin that contributes to apoptosis through caspase-8
and Akt-pathway inhibition.
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Indirubin is used in Chinese medicine as an antipsoriatic® and anti-leukemia drug.5 In
OV therapy using Delta24-RGD, we showed that indirubin increases infection, CAR and
integrin expression, viral protein production during the first cycle, viral gene expression
over time and viral progeny production. Increased viral activity by indirubin has thus far
not been reported. Indeed, indirubin derivatives have been shown to affect viral activities.
Indirubin-3'-monoxime was effective in increasing viral transduction of an adeno-asso-
ciated viral vector.®® Another derivative was shown to inhibit viral replication of H5N1,5¢
cytomegalovirus,” and the pseudorabies virus.>® These reports and the results within this
study, suggest that the effects of indirubin on viral replication may depend on the indi-
rubin-derivative used, and/or on type of virus investigated. In our study, indirubin con-
sistently augmented adenoviral oncolysis in multiple GSC cultures and other cancer cell
lines, as well as the oncolytic activity of two other viruses, NDV and HSV. The downstream
molecules of indirubin are associated with apoptosis,* which was confirmed by our in
vitro studies. Indirubins may also have specific effects on the immune system as indiru-
bin-3'-monoxime has been reported to induce immunosuppressive and anti-inflammatory
effects on dendritic cells.®® Moreover, inhibition of the indirubin target GSK-3 reduces
microglial inflammatory responses.® Additional studies are warranted to investigate the
effects on the immune response by indirubin in combination with Delta24-RGD.

The anti-depressant lofepramine has not previously been identified as an enhancer of
viral efficacy. We show that this drug increases viral infection, which was associated with
up-regulation of viral entry receptors, and enhances viral replication. The in silico path-
way analysis revealed that lofepramine as a monotherapy affects downstream molecules
related to apoptosis. This was translated to the combination therapy as well, as we con-
firmed in vitro. As a single drug treatment, lofepramine has been reported to block leu-
kemia cell proliferation and to sensitize cells to apoptosis.®

The anti-anginal drug ranolazine is a sodium-channel blocker that has not been studied
in combination with oncolytic viruses. Ranolazine enhanced the viral infection (culture
specific) and viral protein production during the first viral cycle. However, viral progeny
production was decreased, which is possibly related to enhanced induction of apoptosis
and necrosis. Ranolazine has not been reported to possess direct tumor killing activity,
however, a role for this drug in sodium channel-mediated breast cancer invasiveness has
been reported.®® The current study reveals novel mechanisms associated with this drug,
which were not previously identified. Neither ranolazine nor lofepramine have been stud-
ied in the context of the immune system.

In conclusion, our study identified four effective viral sensitizers for Delta24-RGD onco-
lytic therapy in glioblastoma. These drugs include fluphenazine, indirubin, lofepramine
and ranolazine. This study reveals the interaction of the drugs with important viral onco-
lytic cell death mechanisms, as shown in silico and in vitro. The identified drugs are not
only applicable in glioblastoma but show synergy with Delta24-RGD in multiple cancer
types. Moreover, all drugs except ranolazine act synergistically with other oncolytic
viruses as well. Although the identified viral sensitizers are clinically applicable, future
studies should focus on finding the optimal administration to achieve maximal effects in
vivo. Moreover, in vivo studies with these agents are required to interrogate their effects
on the immune response to OV therapy, a factor known to play a pivotal role in therapeutic
outcome of these therapies.
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Supplementary Figure 1. The contents of the NIH clinical collection and the drug screening strategy.

(A) The strategy of the compound screening approach is shown schematically. A total of three screens were
sequentially performed (first at 100uM, followed by 10 and 1uM, and lastly at 50 and 5pM) using the NIH clini-
cal collection which contains 446 drugs. After these screens, potential viral sensitizers were selected based on
enhancement, and ten of the agents were validated using the Chou-Talalay method in the patient-derived GS79
GSC culture. After that, the validated potential viral sensitizers were evaluated for their effects on viral
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mechanisms being infection, replication and cellular responses. Finally, four selected compounds were tested
on an additional 12 patient-derived GSCs to evaluate their potential use for further in vivo studies. (B) The NIH
clinical collection was used for the compound screen on the patient-derived GSCs. It contains 446 different
clinical agents of which 136 were central nervous system (CNS)-related compounds.
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Supplementary Figure 2. In silico analysis confirms viral sensitizers interact with pathways canonical for
Delta24-RGD therapeutic outcome.

(A-D) The direct and indirect downstream molecules and proteins (only first order) of the four viral sensitizers
(a-d). The dashed arrows indicate indirect relationships whereas the closed arrows show direct relationships
with the molecules. (E) The common functions and diseases for the four compounds in hierarchical clustered
based on p-value of the overlap. All were significant (<0.001), and the data was derived using the IPA September
2014. The top ten of functions and diseases are shown in the heat map. The z-value represents the normalized
p-value for each agent.
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Supplementary Figure 3. Drug/virus combination effects in different solid tumor cell lines.
Dose-response combination assays were performed using Chou-Talalay analysis to study synergy between Del-

ta24-RGD and the four viral sensitizers in three tumor cell lines, being triple negative breast, ovarian and colon

carcinoma cells. Viability was measured at day five post-treatment. The dose-response graphs are shown as

mean percentage viability compared to DMSO treated controls with the standard deviation.
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Supplementary Figure 4. Drug/virus combination effects with different OVs.
Dose-response combination assays were performed using Chou-Talalay assays to study synergy between the
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This general discussion will highlight our most important findings. We discuss the limi-
tations of the studies and the barriers for translation to clinical practice. We will also dis-
cuss the next logical steps towards further research.

9.1 Main results

In Part I of this thesis we find a subset of patient derived glioblastoma stem-like cells
(GSCs) to be responsive to histone deacetylase inhibitors (HDACI) and radiation. The pro-
teins of pChek2 and Bcl-XL showed to be promising markers for response prediction. We
have shown that the latter belongs to a mechanism of resistance. By using the patient-de-
rived GSC model we could identify the large heterogeneity in response to therapy, also for
the regimen of HDACi/radiation. We found that the sequence and timing of drug adminis-
tration is of great importance in combination therapy. We next show that the inhibition of
the Bcl-2 family proteins by Obatoclax overcomes the resistance to HDACI, specifically to
HDACI as radiosensitizers. This underlines the role of anti-apoptotic proteins in glioblas-
toma. Again, we found variations in the treatment response among a large panel of cul-
tures. However, we also found that gene expression profiling can provide valuable profiles
of prediction. One of the genes we identified as having predictive value, FBXW7, has been
reported to be associated to HDACi and Bcl-2 inhibitor therapy response before.

In Part IT we show that the anti-epileptic drugs valproic acid, phenytoin and levetiracetam
do not negatively interfere with Delta24-RGD oncolysis. The HDACI valproic acid even
positively enhanced the oncolytic virus Delta24-RGD in U118 and U373 cell lines. More
effective however are the widely-acting HDACi Scriptaid and LBH589, of which the first
is an experimental agent. We again find heterogeneity in response between the different
GSC cultures in accordance with the first part of this thesis. In this study we have identi-
fied only small associations with molecular background including integrin levels and gene
expression of retinoblastoma pathway molecules.

In Parts I and Il we aimed at circumventing the potential limitations of drug translation to
the clinical setting by drug repurposing. We performed a large clinical drug screen to find
new agents for glioblastoma that can be used as adjuvants to existing therapies (part I)
and that enhance the oncolytic virus Delta24-RGD. We identified various agents including
amiodarone, clofazimine and triptolide that provide opportunities for future studies in
glioblastoma. Fluphenazine, indirubin, lofepramine and ranolazine show viral sensitiz-
ing effects for Delta24-RGD. Our findings also suggest the existence of a general underly-
ing mechanism for these viral sensitizers because the synergy also exists between those
drugs and two other oncolytic viruses, as well as with Delta24-RGD in a set of different
solid tumor cell lines other than glioblastoma.

9.2 The patient-derived glioblastoma culture model: limitations and future studies

By using the patient-derived GSC model, we were able to study the heterogeneity in
response to treatment. This model represents all four subtypes in glioblastoma: neural,
proneural, classical and mesenchymal.! Moreover, both methylated and unmethylated
tumors can be cultured.? Preliminary data shows that responses in vitro correspond to
the response in vivo.(unpublished) Others have found that the predictive value of MGMT
also holds in the in vitro patient-derived glioblastoma model in relation to temozolomide
response.® The GSC model also reflects the original tumors’ characteristics in in vivo mod-
els.* In our studies we were able to match the molecular characteristics of the tumors at
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various levels with the degree of the therapeutic response, including MGMT promoter
methylation status, DNA repair and apoptotic pathway status and the whole genome
expression levels. This has led to identification of potential biomarkers. This is an advan-
tage compared to the conventional models making use of high passage established cell
lines cultured in serum supplemented culture medium. Also, because we studied cultures
originating from both recurrent and primary glioblastomas, our studies give an indication
whether the drugs can be candidate therapeutics for the recurrent glioblastoma as well.
These are all advantages compared to the conventional immortalized models.

Whereas this model provides opportunities and a large improvement there are also limita-
tions. The most important is that not all glioblastomas can be cultured.'* Only about 30%
of all delivered specimens will grow successfully in neurosphere formation.! Literature
shows that one of the selection criteria for this feature is the loss of the chromosome 10q
on which the PTEN gene is located.!

Other possibilities of studying the used therapeutic modalities are using assays in more
complex models. Preferably models should be used that exhibit the characteristics of the
glioblastoma, including proliferation, migration and invasion.® More complex systems
can be found in three-dimensional systems. We have studied inhibition of invasion in the
three-dimensional invasion neurosphere assay originating from patient-derived GSCs. A
next step in complexity is the organotypic spheroid model system. The structure includes
tumor cells, but also includes connective tissue, immune cells and moreover capillar-
ies which origin from glioblastoma specimens.® These have a life-span of about sixteen
weeks.® Another option are the organotypic slice cultures which have a shorter life-span.’
These slices also show heterogeneous responses to therapy’ Studying viability in those
models requires reliable viability assays which should be feasible for high throughput
screenings.®1°

Another important step to take is studying the agents in drug delivery systems. The
patient-derived GSC model is not suitable for studying drug delivery. New solutions in
which lipid vesicles are used as a drug carrier might provide opportunities to handle the
blood brain barrier (BBB) passaging problem. Specifically this would be needed in per-
itumoral areas with intact an blood brain barrier. If drug delivery is a limitation in our
identified agents, e.g. the clinical drugs, than there are various manners to overcome this.
Currently, an example is provided by the technique of the glutathione PEGylated liposo-
mal particles. There is a phase I/1I clinical trial ongoing that delivers doxorubicin to the
brain by this method (2B3-101), in solid tumors, brain cancer including glioblastoma and in
breast cancer."! Such techniques may lead to extensive drug repurposing.

9.3 Drug treatments and molecular profiles

Effects of combination therapies can be ambiguous. On the one hand, drug combination
can lead to synergy which allows dose reductions of either agent, subsequently limiting
toxicity and potential adverse effects. On the other hand, there is also a risk of induction
of adverse effects and toxicity. Importantly, in our studies we indeed found effects of the
drug combination of HDACi as radiosensitizers; of Bcl-2 inhibitors and HDACI; of HDACi
with Delta24-RGD. In all those studies, we found large heterogeneity in response. The con-
sequences for clinical translation are uncertain: firstly, the response of only subgroups
makes drugs less interesting in the first place for large clinical trials. On the other hand,
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we have aimed at finding predictors of response. This could be beneficial for trials as
only patients that are likely to respond will receive the treatment. Also, tumors that are
unlikely to respond to therapy would not be treated with ineffective therapies.

The fact that responses to the tested combination therapies are not determined by MGMT
promoter methylation status, and show efficacy in GSCs that origin from unmethylated
tumor specimens, is promising. For those patients currently no additional effects of con-
comitantly administered drugs exist."? Patients with unmethylated tumors are therefore a
logical subject to include in new trials, which is already done in various studies.!*131¢

The molecular profiles we have identified as candidate predictors of response need vali-
dation in vivo, most likely first in retrospect and later prospectively. Since various clinical
trials have been performed using HDACI, including VPA, SAHA and LBH589", we recom-
mend correlating the molecular tumor markers including anti-apoptotic proteins and DNA
damage response proteins, and if cell culture material is available p-Chek2 upon radiation,
to treatment response retrospectively.

9.4 Toward precision medicine

We touched upon the concept of precision medicine in the introduction. The research field
is shifting towards this approach. This change takes time, but early adopters have already
taken steps forward in poor prognostic malignancies such as lung and pancreatic carci-
noma.’>” These trials focus on subgroups of patients with genotypically or phenotypically
defined tumors. These groups can be rather small, which may lead to difficulties regard-
ing analysis, control groups and ethics.’® In the future, other trials than large randomized
cohorts, will be needed to support precision medicine. This may require the n-is-one trial,
which includes studying various strategies in one individual, in order to find the best
intervention for the patient.”® As a researcher and as a clinician, one should realize that
new trials in a precision medicine setting will require collaboration between centers and
moreover collaboration between disciplines.'® This should facilitate sharing knowledge,
increasing comprehensiveness of studies and performing trials at for example mutational
level instead of tumor type level (i.e. glioblastoma, lung cancer). This also changes the role
of the pharmaceutical industry and provides challenges for this field.

The shift from the concept of ‘one drug fits all’ to personalized or precision medicine also
has great consequences for clinical trial design. However, several experts in the field of
trial design in clinical oncology have proposed valuable solutions for this problem.!*#

9.5 Oncolytic virotherapy

The finding of lack of interference with anti-epileptics and Delta24-RGD is important, as
in the clinical setting usually a scale of medications is prescribed to patients with glio-
blastoma. For example dexamethasone, which is provided to almost every patient with
glioblastoma, has shown to inhibit the viral efficacy.? Various studies on oncolytic virus
trials now have shown their data and show safety, but also heterogeneity in responses.?%
The oncolytic virus Delta24-RGD has ended phase I/II testing in 2014 in glioblastoma
patients.?® There are indications that the initial mode of action is primarily oncolysis
caused by the virus, but subsequently the immune response is activated which may eradi-
cate tumor cells.???°?” The advantage of activation of the immune system in glioblastoma is
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promising: invaded and migrated tumor cells can then be reached by the immune system,
independently of the limited drug penetration.

The therapeutic responses in oncolytic virus trials are encouraging for further develop-
ment and optimization of this therapeutic strategy. There are many options by which
oncolytic virotherapy can be boosted, including increasing infection, replication, oncol-
ysis, by enhancing viral delivery, or by stimulating the immune response.?*° Qur data
provide therapeutic options in four drugs that enhance the viral infection, replication and
oncolysis. We also show that the effects of these drugs are not limited to glioblastoma nor
to enhancement of Delta24-RGD alone. In terms of future studies, one could thus consider
to design new trials including oncolytic virotherapy in combination with clinical drugs
that include larger groups of solid tumors. Before this step is taken, more knowledge on
the viral sensitizers’ behavior on the immune response are desirable. This could be done
via the conventional way, treating mice that have an immune system different from the
human immune system, or via an unconventional way: studying the immune alterations
in patient groups that are already being treated with the clinical drug for another disorder.

9.6 Survival versus outcome

In this thesis, the studies performed in the laboratory setting are focusing on measures
of viability, cell death or toxicity. These measures are translated to survival. A clinician
should think not only about curing the disease, but also about how to achieve the best
quality of life for patients. In the clinical setting, outcome should be viewed as broader, not
only including mortality but also quality of life and for example the occurrence of disease
related complications.®*2 The whole set of outcomes at the three levels of survival, short
term recovery and sustainability of the provided care to the patient should be taken into
account.®® The three levels of outcome include measures that matter to the patient in the
cycle of treatment. For glioma/glioblastoma patients, these measures of course include
survival, but also the ability to be independent, the cognitive functioning, the patient-re-
ported quality of life, the level of epilepsy control and the complications experienced dur-
ing and after treatment (multidisciplinary consensus reached in our center).

We put our research in this context. One way to improve quality of life is to avoid over-
treatment of those patients that would not benefit from treatment, or rather to assign
the appropriate treatment to the patient that will respond to that treatment. We sought
for subgroups of responders and non-responders using the molecular background of the
tumor or culture. This has led to identification of both indicators of response, as well as
potential predictors of response. (Early) indicators of response can monitor effects and
could guide whether to continue treatment or to switch to another therapeutic option.
Potential predictors of response can aid in assigning the most effective treatment to a sus-
ceptible tumor.

In our studies another possibility to improve outcome in a broader context than survival
alone is the use of therapeutic combinations. However, where combination drugs may
allow dose reductions of single agents and may increase survival, one should consider the
possibility that combination therapies can synergize at the level of side effects. This holds
for oncolytic virus therapy as well as for the investigated drugs. Another way that allows
dose reductions and increases therapeutic efficacy is the identification of the optimal
sequencing and timing of drug combinations. We show this for the HDACi combination
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therapies. Clearly, in the radiation setting HDACI efficacy is largest when given 24 hours
before radiation is applied. In the setting of viruses, another mechanism is underlying
combination effects and the effects are optimal when concomitantly administered.

Lastly, especially in a non-curable disease such as glioblastoma, the quality of life should
be centralized in providing health care. Applying the principles of precision medicine in
clinical practice could be a step forward in both survival and in improving quality of life in
patients with glioblastoma.
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Glioblastoma is the most malignant primary brain tumor. Glioblastoma is originating
from the supportive tissue of the brain, the glial cells. Despite increased research, mortal-
ity rates have not decreased significantly. Standard therapy consists of surgical resection,
temozolomide and radiation therapy. The survival rate is despite maximum treatment
14.6 months. We are currently learning more about markers that correlate to response to
treatment, the most important being the MGMT promoter methylation status. One of the
issues that prevents treatments from being effective is the multiple escape routes glio-
blastoma has, to circumvent cell death. We aim to tackle this issue using combination
therapies in a representative model, namely the patient-derived glioblastoma stem-like
cell (GSC) model. This model reflects the molecular characteristics of the original tumor.
This model allows studying novel treatment strategies in the context of heterogeneity
in response to therapy, and in the context of analyzing molecular differences underlying
response. In this thesis, we apply these concepts in a broad range of treatment modalities
including combination therapeutics. We aim at optimizing the treatment with enhancers
of radiation and of experimental oncolytic virotherapy. We have also used the approach of
clinical drug screening in order to repurpose clinical drugs. We aimed at finding clinically
applied drugs that may be candidates for glioblastoma treatment.

Part I of this manuscript describes studies on new therapeutic regimens using HDACi in
combination with radiation, and using a large clinical drug screen. In Chapter 3 we show
that the histone deacetylase inhibitors (HDACi) SAHA, VPA, MS275, LBH589 and Scrip-
taid, are radiosensitizers in a significant proportion of GSCs. The observed variations in
sensitivity show a relationship with molecular characteristics of the specific cultures.
Regarding the clinically most relevant HDACi (SAHA and LBH589), differences in the DNA
damage and apoptotic response were found between responsive and resistant cultures.
Various identified associated molecules that warrant further exploration as candidate
response markers are pChek2 for both SAHA/radiation (RTx) and LBH589/RTx, and in
addition Bcl-XL for LBH589/RTx with positive predictive values of 90% and 100%.

In Chapter 4 we emphasize the efficacy of the Bcl-2 family pathway inhibition by Obato-
clax to reach sensitization of GSCs to HDACi and HDACI/RTX, circumventing a tumor-re-
lated resistance mechanism to treatment. The Bcl-2 family proteins are heterogeneously
expressed in glioblastoma and 30% to 60% of tumors shows overexpression. We demon-
strate that Obatoclax synergized with HDACi and showed efficacy in a large set of GSCs.
This pathway is an adequate target to inhibit, in order to achieve better therapeutic effi-
cacy, also in HDACi/RTx therapy. We identified predictive gene expression profiles for
the combination treatments with Obatoclax that are associated with cellular regulatory
functions.

In Chapter 5 we screened a large drug collection in order to repurpose clinical drugs for the
treatment of glioblastoma. This has led to the identification of three clinical compounds
that have potential for treating glioblastoma: amiodarone, clofazimine and triptolide. The
drugs were selected based on efficacy in GSCs and lack of toxicity in normal human astro-
cytes. Twenty GSCs were tested for this purpose. Clofazimine and triptolide have previ-
ously been identified as potent inhibitors of immortalized glioma cell lines. Amiodarone is
anovel candidate for glioblastoma treatment as a single agent.
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Part II of this manuscript describes studies on combination therapeutics for oncolytic
virus therapy with Delta24-RGD. Delta24-RGD is a conditionally replicating oncolytic virus
that has ended phase I/II testing in patients with glioblastoma. To enhance efficacy of
oncolytic virus therapy, combination therapies are needed. First of all we tested whether
anti-epileptic drugs interacted with Delta24-RGD efficacy. The three agents valproic acid
(a weak HDACI), phenytoin and levetiracetam were studied. HDACi have been reported to
alter oncolytic viral activity. In Chapter 6 we illustrate that therapeutic levels of the most
frequently prescribed anticonvulsants valproic acid, phenytoin and levetiracetam do not
negatively influence the oncolytic activity of Delta24-RGD. In some cells, additive effects
between drugs and the virus were observed.

In Chapter 7 we show that the novel pan-HDACI Scriptaid and LBH589, which have stronger
HDACI activity than valproic acid, exert enhanced anti-tumor activity in combination with
Delta24-RGD in GSCs. These HDACi induced slight up-regulation of cell surface integrins,
facilitating adenoviral entry and leading to increased levels of viral gene expression. The
HDACI induced cell death pathways in the GSCs, thereby accelerating the virus-induced
killing of the infected cells but slightly hampering the viral progeny production. The con-
certed action of these two treatment modalities leads to improved anti-tumor efficacy and
shows limited toxicity in normal human astrocytes. Taken together, Scriptaid and LBH589
offer opportunities as potential candidates for future Delta24-RGD combination studies.

Triggered by the long duration of the process of implementation of novel drugs in clini-
cal practice, we aimed at finding effective viral sensitizers by performing a clinical drug
screen. Chapter 8 describes the identification of four effective viral sensitizers for onco-
lytic virotherapy, including fluphenazine, indirubin, lofepramine and ranolazine. We
reveal interaction of the drugs with important viral oncolytic cell death mechanism as
shown in silico and in vitro. These drugs, that are known to pass the blood brain barrier,
are not only applicable in glioblastoma but show synergy with Delta24-RGD in multiple
cancer types. Moreover, all drugs showed synergistic activity with other oncolytic viruses
as well.
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Het glioblastoom is de meest kwaadaardige primaire hersentumor. Glioblastomen zijn
afkomstig van het steunweefsel van de hersenen, de gliacellen. Ondanks het vele wetens-
schappelijke onderzoek naar deze ziekte is de mortaliteit niet significant afgenomen.
De mediane overleving is 14,6 maanden ondanks maximale behandeling met chirurgis-
che resectie, temozolomide en bestraling. Er wordt steeds meer bekend over markers
die respons op behandeling kunnen voorspellen. De belangrijkste is de MGMT promoter
methylatie status. De effectiviteit van behandeling wordt mede verhinderd door de grote
resistentie routes van glioblastomen die celdood kunnen omzeilen. In dit onderzoek bena-
deren wij dit probleem met het uittesten van combinatietherapieén in een representatief
model voor het glioblastoom, het ‘patient-derived glioblastoma stem-like cell culture’
(GSC) model. Dit model heeft de eigenschappen van de oorspronkelijke tumor. Dit model
maakt het mogelijk nieuwe behandelingsstrategieén te bestuderen in de context van het-
erogeniteit. Dit biedt de mogelijkheid moleculaire verschillen te analyseren die ten grond-
slagliggen aan de respons op therapie.

Dit proefschrift maakt gebruik van bovenstaande concepten bij het testen van een breed
scala aan behandelingen. Het onderzoek richt zich op het optimaliseren van bestaande
toegepaste behandeling namelijk bestraling en experimentele behandelingen in de zin van
oncolytische virus therapie. Daarbij zochten we naar moleculaire profielen die de respons
op behandeling konden voorspellen. We hebben getracht om in het kader van ‘drug repur-
posing’ klinische medicijnen te vinden die goede kandidaten zijn voor de behandeling van
het glioblastoom, al of niet in combinatietherapie.

Deel I van dit manuscript beschrijft studies naar onder andere nieuwe therapeutische
combinatiestrategieén met bestraling en histone deacetylase inhibitors (HDAC) In hoofd-
stuk 3 laten we zien dat de HDACi SAHA, VPA, MS275, LBH589 en Scriptaid de gevoeligheid
voor radiotherapie versterken in een aanzienlijk deel van de GSCs. De verschillen in gevoe-
ligheid hebben een relatie met moleculaire karakteristieken van het specifieke culturen,
namelijk met de DNA reparatie eiwitten en met Bcl-2 anti-apoptotische celdood eiwitten.
Kandidaat voorspellende markers zijn pChek2 voor de respons op SAHA en LBH589 in
combinatie met bestraling en Bcl-XL voor de respons op LBH589 in combinatie met bes-
traling. De positief voorspellende waardes zijn 90% en 100% respectievelijk.

In hoofdstuk 4 benadrukken we het effect van de remming van Bcl-2 familie eiwitten door
Obatoclax op het gevoelig maken van GSCs voor HDACi en bestraling. We omzeilen hier-
mee een tumor gerelateerd resistentiemechanisme voor HDACi behandeling. De Bcl-2
familie eiwitten komen heterogeen tot expressie in glioblastomen, namelijk in 30% tot
60% van de tumoren. Obatoclax en HDACI tonen effectiviteit en synergie in een panel
van verschillende GSCs. Remming van de Bcl-2 eiwitten is daarbij ook effectief om GSCs
gevoeliger te maken voor HDACi met bestraling. In deze studie laten we zien dat genex-
pressieprofielen de combinatiebehandelingen van HDACi, maar ook van bestraling, met
Obatoclax mogelijk kunnen voorspellen.

In hoofdstuk 5 is een grote collectie getest van klinische middelen in 20 verschillende
GSCs. Dit leidde tot de identificatie van drie klinische toegepaste medicijnen die potentieel
werkzaam zijn in glioblastomen, namelijk amiodarone, clofazimine en triptolide. Het
voordeel van deze middelen is dat ze reeds goedgekeurd zijn voor klinisch gebruik. Dit
kan de weg voor implementatie naar de kliniek voor glioblastomen mogelijk verkorten.
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De geneesmiddelen hadden beperkte toxiciteit in normale humane astrocyten. De laatste
twee middelen zijn eerder geidentificeerd als krachtige remmers van geimmortalizeerde
glioomcellijnen. Deze drugs zijn kandidaten voor behandeling van het glioblastoom.

Deel II van dit manuscript beschrijft studies over combinatiebehandelingen in het kader
van oncolytische virustherapie met Delta24-RGD. Delta24-RGD is een virus dat specifiek
in tumorcellen repliceert. Dit virus is reeds getest in een fase I/II klinische trial. Om de
effectiviteit van deze therapie te verbeteren zijn combinatietherapieén nodig. Er is getest
of anti-epileptica, die frequent aan patiénten voorgeschreven worden, interactie hebben
met de werkzaamheid van Delta24-RGD. De drie middelen zijn valproaat (een zwakke
HDACI), fenytoine en levetiracetam. HDACi kunnen de oncolytische virusactiviteit ver-
anderen in kankercellen. In hoofdstuk 6 laten we dan ook zien dat therapeutische con-
centraties van de meest voorgeschreven anticonvulsiva valproaat, fenytoine en leveti-
racetam de oncolytische activiteit van Delta24-RGD niet nadelig beinvloeden. In sommige
cellen werden additieve effecten tussen drugs en het virus waargenomen.

In hoofdstuk 7 laten we zien dat de nieuwere pan-HDACi Scriptaid en LBH589, die sterker
HDACI activiteit hebben, de anti-tumor activiteit van Delta24 RGD in de GSCs versterken.
In het algemeen kunnen HDACI zorgen voor verhoogde expressie van integrines die de
adenovirale infectie faciliteren. Tevens kunnen HDACi verhoogde virale genexpressie
veroorzaken. Dit hebben wij ook geobserveerd. De HDACI induceren celdood, via mech-
anismen als caspase activatie, necrose en autophagie. Deze mechanismen zijn overeen-
komstig met de celdood geinduceerd door Delta24-RGD. We zien dan ook dat er toename is
van celdood door combinatie behandeling, echter, het aantal cellen dat dan nog virus aan
kan maken neemt ook af. Dit werd vertaald naar verminderde virale productie. Het combi-
natie effect van het virus en de HDACI, heeft relatief weinig toxiciteit in normale humane
astrocyten en is relatief effectief in een selectie van GSCs. Scriptaid en LBH589 bieden
mogelijkheden voor combinatietherapie met Delta24-RGD in de toekomst.

Gedreven door de lange duur van het klinische implementatieproces van nieuwe medici-
jnen, hebben we ons gericht op het vinden van doeltreffende reeds beschikbare klinische
middelen die de virale effectiviteit verhogen. Hoofdstuk 8 beschrijft de identificatie van
vier effectieve middelen die de virale oncolytische activiteit significant verhogen. Deze
middelen zijn fluphenazine, indirubine, lofepramine en ranolazine. Deze middelen hebben
interactie met belangrijke virale mechanismen voor oncolytische celdood, bevestigd met
in silico en in vitro analyses. Deze geneesmiddelen passeren de bloed-hersenbarriére en
tonen niet alleen effecten in glioblastomen, maar vertonen ook synergie met Delta24-RGD
in diverse andere kankersoorten, namelijk in cellijnen van het mammacarcinoom, het
ovariumcarcinoom en het coloncarcinoom. Bovendien vertonen alle drugs synergistische
werking met twee andere oncolytische virussen. Deze resultaten zijn veelbelovend voor
toekomstige klinische studies met oncolytische virussen.
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