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Part I: lontronic Chemotherapy as New Treatment

Method for Glioblastoma Multiforme

Kurzzusammenfassung

Glioblastome sind die haufigsten malignen Tumore im Gehirn bei Erwachsenen. Aufgrund ihres
rapiden Wachstums, ihrer genetischen Heterogenitat und der héaufig auftretenden
Therapieresistenzen sind sie schwer zu behandeln, geschweige denn heilbar. Wir prasentieren
einen neuen Ansatz zur Therapie dieser Krebsform, bei der sogenannte organische elektronische
lonenpumpen (kurz lonenpumpen oder OEIP) fir die gezielte und kontrollierte Dosierung von
Chemotherapie im Gehirn ihr Deblt haben. Zu Beginn ist getestet worden ob der Transport des
Chemotherapeutikums Gemcitabin (Gem) mit lonenpumpen generell mdglich ist. Aullerdem
haben wir die Toxizitat von Gem in Glioblastomzellen, Neuronen und Astrozyten bestimmt und
konnten nachweisen, dass Gem ein sehr potentes Mittel gegen Glioblastomzellen ist, jedoch
Neuronen und Astrozyten nur wenig von seiner toxischen Wirkung tangiert werden. AuRerdem
zeigen wir, dass die Administration von Gem mittels lonenpumpen (sogenannten GemlPs)
hoéchstprazise und kontrollierbar ist. Schlussendlich konnten wir die Anwendung von GemlPs in in
Kulturschalen geziichteten Mikrotumoren testen. Die GemIP-Behandlung ist so erfolgreich, dass
in behandelten Mikrotumoren Apoptose signifikant hochreguliert ist und Zerfall der
Tumorstruktur deutlich sichtbar wurde. Mit diesen Ergebnissen konnten wir erfolgreich das
Fundament fur die Weiterentwicklung einer neuen Therapieform, basierend auf lonenpumpen,

flr Glioblastome legen.
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Abstract

The therapy of glioblastoma multiforme (GBM), the most common and very aggressive form of
brain tumors, is facing many challenges. The consequence of these challenges is that therapy
approaches have not been improved for decades, and patients can expect a survival time of 15
months, despite therapeutic measures. To overcome these problems, we utilize the novel
technology of organic electronic ionic pumps (OEIPs) to transport chemotherapeutic drugs in a
precisely controllable manner for the first time. As first proof of principle, we successfully
established the OEIP mediated delivery of the chemotherapeutic drug Gemcitabine (Gem).
Subsequently, we determined delivery rates at different operation modes and showed that Gem
is a very potent drug to kill GBM cells, while leaving neurons and astrocytes untainted. Next,
Gemcitabine lonic Pumps (GemlIPs) were mounted on GBM cells grown in monolayers and we
showed that the extent of the cell killing rate due to GemlP treatment is indeed tightly
controllable. Lastly, we showed by FACS analysis that GemlIP treatment effectively induces
apoptosis in GBM spheroids and interferes with spheroid cohesion. These experiments are the
first important steps in the development of a novel therapeutic implant based on OEIP

technology for treatment of GBM.
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|. Introduction

Due to the interdisciplinarity of this project, the introduction is separated into three parts. In part
[, | take a close look at the disease glioblastoma multiforme, in part Il, organic electronic ionic
pumps, the drug delivery method | worked with, will be explained in detail, and lastly, in part Ill, |

will give detailed information about the chemotherapeutics that were used for this work.

I.1. Part I: Glioblastoma Multiforme
[.1.1. General overview
Glioma is a summarizing term for description of malignant tumors of the central nervous system
(CNS). Depending on the cell of origin, gliomas are differentiated into astrocytomas,
oligodendrogliomas, mixed gliomas, etc. (1). In 2018, there were 291,851 reported new cases of
cancers in the brain and nervous system worldwide, and 241,037 reported deaths (2), shown in
Figure 1. Of all gliomas, glioblastoma multiforme (GBM) is the most frequent one, accounting up
to 16 % of all malignant primary brain tumors (3). GBM is a malignant astrocytoma with an
incidence rate of 3.2 cases per 100,000 persons per year (4, 5). It is a deadly, incurable disease
with poor prognosis of a median survival time of 15 months after diagnosis (5). Less than 5% of
patients survive 5 years after diagnosis (6). This is owed to the rapid growth behavior and genetic
heterogeneity of GBM tumors, which can double their volume in ca. 50 days (7). GBMs are
practically exclusively found in the brain (8), mostly affecting the supratentorial region (6, 8),
however, the high invasiveness leads to infiltration of surrounding brain tissue and high likeliness

of tumor recurrence, making full resection of the tumor mass hardly possible.
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Number of deaths in 2018, both sexes, all ages
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Figure 1 Comparison of number of cancer deaths in 2018
Deaths caused by tumors in the brain and nervous system rank position 12. Data source: GLOBOCAN 2018 (2), reproduced with
permission of the publisher “John Wiley and Sons” according to license number 4938200277859 (RightsLink ©).

GBMs are differentiated into primary and secondary GBMs. Most GBMs are of primary nature,
mainly occurring in adults above 60 years (5, 9), as described in Figure 2. Secondary GBMs are
rare and rather affect younger patients below 45 years (9). Among GBM, four subtypes (grade I-
V) have been identified. These grades are distinct concerning their genetics, disease progression

and survival outcomes (8).
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Incidence Rates by Gender and Age Groups, 2006-2010
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Figure 2 Rates of GBM cases for gender and age groups.
Rates are per 100,000, image reproduced from (5) with permission of the publisher “American Association for Cancer Research”
according to license number 4927570684665 (RightsLink ©).

[.1.2. Genetics of GBMs
To describe a GBM based on its genetic characteristics is quite complicated. GBMs are genetically
highly heterogeneous, frequently carry genetic mutations, deletions, insertions of amplifications
and are extremely instable. This goes even as far as intratumor heterogeneity, which means that
different tumor cell subpopulations occur within one tumor. All mutations that occur are
acquired aberrations. Genetic predispositions or inheritable mutations that make patients more
prone to GBM development are unknown (9). Still, three signaling pathways are reported to be
abnormally altered and oncogenic in GBM, 1) the receptor tyrosine kinase (RTK) pathways, 2)

retinoblastoma (RB) signaling and 3) p53 signaling (9) (Figure 3).
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A- RTK/RAS/PI3K signaling pathways
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Figure 3 Major genetic alterations in GBM and their frequencies of occurrence.

A) The RTK/Ras/PI3K signaling pathway, B) RB signaling and C) P53 signaling. Green = overactive, red = reduced activity. Figure has
been reproduced from (9) with permission of the authors and according to Creative Commons Attribution 4.0 International (CC BY
4.0).

The RTK signaling pathway involves receptors of growth factors (GFs), such as epidermal growth
factor receptor (EGFR) and many others. Via different mechanisms (mutations, overexpression of
receptor or ligand, genetic amplification), which can co-exist in one tumor, EGFR is overexpressed
in the majority of GBMs. As a consequence of EGFR activation, the Ras pathway is also often
overly active in GBM and thus, promotes proliferation, survival and migration (9) (Figure 3A).
Another frequent observation is the GF induced over-stimulation of the Phosphatidylinositol-4,5-
Bisphosphate 3-Kinase/Phosphatase (PI3K) and Tensin Homolog/serine threonine kinase Akt
(PTEN/Akt) pathway (Figure 3A). This results, again, in increased proliferation and reduction of

apoptosis.
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Another commonly observed alteration in GBM genetics is the RB pathway, which plays a role in
the cell cycle (Figure 3B). In healthy cells, RB is either inactive and binds the growth factor E2F
(resting cells) or becomes phosphorylated during proliferation and releases E2F, which promotes
DNA synthesis. This is regulated by negative feedback mechanisms. In GBM, this negative
regulation is overcome by RB promotor methylation and results in major discrepancies in the cell

cycle.

As in many other cancers, the TP53 pathway is also likely to malfunction in GBM (Figure 3C). As
the major DNA damage responder protein, TP53, can either induce DNA repair or, in case of
major damage, induction of cell death. In Gliomas, most mutations in TP53 gene are missense

mutations that result in DNA binding complications (9).

To date, it is known that the above-mentioned pathways are likely to be abnormally regulated in
GBM, however, a series of genetic events that lead to the development of GBM is not known,
maybe not even existing (9). The occurrence of the above-mentioned mutations, in combination
with many other aberrations can, but not exclusively have to, lead to the development of this

disease.

[.1.3. GBM Microenvironment
In GBM, tumor cells are surrounded by different cell populations, comprising cancer stem cells,
immune cells, stromal cells, vascular endothelial cells and pericytes (10). Together, they form the

tumor microenvironment (TME), shown in Figure 4.

As already mentioned, due to the high intratumor heterogeneity, it is possible more than one
molecular variant of GBM cells reside in different compartments of one single tumor (11). This
united cell structure forms proliferating and hypoxic areas, and has infiltrating and angiogenic
niches that closely interact with the extracellular matrix. GBMs are well vascularized tumors,
which is owed to overexpression of vascular endothelial growth factor (VEGF) in the TME (12).
VEGF overexpression stimulates neo-angiogenesis, which is, however, abnormal and

dysfunctional and results in hypoxic and necrotic areas in the tumor mass (13). It is shown that
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the angiogenic and hypoxic niche interact with each other and often support GBM cancer stem

cell subpopulations (14).
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Figure 4: Tumor microenvironment.

Different niches (hypoxic, angiogenic and invasive) occur in GBM. These niches host different cell types, such as cancer stem cells,
microglia, endothelial cells, etc. Figure has been reproduced from (10) with permission of the authors according to Creative
Commons Attribution 4.0 International (CC BY 4.0).

Among all cell subpopulations found in a single solid GBM, cancer stem cells (CSCs) are probably
the hardest to deal with. CSCs are somatic stem cells, and are also called “tumor-initiating cells”
or “tumorigenic cells” (15). Stem cells in general are found in niches of various tissues and in
general have the potential to a) renew themselves and proliferate, b) differentiate into different
lineages due to their multipotent character and c) keep an equilibrium between self-renewal and
differentiation, which controls the stem cell number (16). CSCs, therefore, differentiate into the
tumor phenotype they originally derive from (17), however, due to mutations they are
withdrawn from the niche control and proliferate uncontrollably. Additionally, these cells bear a
tumorigenic potential, enabling them to form a tumor after they are transplanted into foreign

tissue (16). Due to their special functions, CSCs bear chemo- and radiation resistance, and
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consequently initiate tumor recurrence (18, 19). Glioblastoma stem cell (GSC) identification is
not trivial, since proper biomarkers are not clearly identified (20, 21) and as a consequence, not
applicable for GBM prognosis (22). However, some markers such as CD133 (15), Nanog (23), KIF4
(23), CD44 (24) and ABC transporters (20, 25) seem the most dependable. In GBM, GSCs are
found in perivascular niches, in which a GSC-nurturing hypoxic microenvironment is predominant
(26). Due to hypoxia, GSCs stabilize hypoxia inducible factors (e.g. HIF-1 (27), HIF-2a (28)), which
consequently lead to overexpression of VEGF. This results in neoangiogenesis, which is, as
already mentioned, abnormal and dysfunctional, and therefore again hypoxic regions that
promote GSC niche development are formed (27). As a result, hypoxic regions in GBM are not
exclusively the scene of cell death and necrosis (as in healthy tissue), but they are also a hub for
strongly proliferating GSCs, that are generally chemo- and radio resistant. It is obvious that GSCs

are a major target in GBM therapy, however, a difficult one to tackle.

Another important cell subpopulation in the TME, responsible for GBM invasiveness and
infiltration, are immune cells. 30-50% of the GBM tumor volume can be made up by immune
cells (29, 30), especially myeloid-derived suppressor cells (MDSCs) and tumor-associated
macrophages (TAMs) (31). GBM cells release chemokines, which attract these cells and lead to
their invasion and finally accumulation in the GBM microenvironment (30, 32). In parallel to this,
TAMs are not only attracted, but also release supportive factors for proliferation and migration
themselves (33) (e.g. release of epidermal growth factor (EGF) (32) and stress-inducible protein 1
(STI1) (34)). Due to their migratory functions, immune cells play a vital role in GBM invasiveness

and infiltration.

[.1.4. Standard GBM treatment in the clinics
[.1.4.1.  Standard treatment in newly diagnosed GBM
Treatment of newly diagnosed GBM (nGBM ) is constituted of three pillars: 1) surgical resection of
the maximum tumor mass, followed by 2) radiation therapy and 3) concomitant chemotherapy
with temozolomide (TMZ) (35). With these measures, patients face a median survival of 15

months after initial diagnosis (35). Additional intravenous administration of bevacizumab can
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prolong progression free survival (PFS) by ca. 3 months, however, does not influence overall

survival (OS) (36, 37).

The fist pillar, surgical resection, is vital in the fight against this tumor. Since the extent of
resection (EOR) is strongly associated with life expectancy, a maximum safe resection is
performed (38-40). Therefore, the tumor cells are visualized by the fluorescent agent 5-
aminolevulinic acid (5-ALA; Gleolan®), which roughly indicates the tumor field (41). Additionally,
to avoid loss of function, intraoperative stimulation mapping is performed, meaning that patients
are awake during resections in eloquent brain areas and therefore the risk of neurologic deficits
is reduced (42). One more influencing factor on OS is the remaining tumor volume (RV), which,
when it exceeds 2-5 cm?3, significantly reduces survival rates and increases chance of recurrence

(40, 43). Aside from resecting the solid tumor, samples are taken for characterization.

The standard of care treatment plan after surgery is a combined therapy of TMZ (75 mg/m?/day,
7 days per week over 6 weeks) and radiation therapy (RT) of 60 Gy in 30 fractions (focal
irradiation in daily fraction of 2 Gy, 5 days a week for 6 weeks), followed by six cycles of
temozolomide (150-200 mg/m?/day for 5 days during each 28 day cycle) (35, 44, 45). This
protocol was established by Stupp et al. in 2005 (46), supported by various other trials
summarized by Feng et a. (45), is considered a hallmark in GBM care and has remained the best

therapeutic option for over a 10 years (47).

TMZ is an alkylating drug that readily passes the blood brain barrier (BBB). In contact with water
at physiological pH, the drug gets rapidly hydrolyzed in a base-catalyzed reaction to the
compound mitozolomide (MTIC), which further breaks down into a methyldiazonium ion (48, 49).
The diazonium ion has high affinity to methylate guanines in the DNA at position O°, resulting in
O%-methylguanine. This modification can introduce DNA mismatching with thymine and cytosine
and point mutations (C:G to T:A transitions) and eventually leads to cell death (49). However,
TMZ therapy faces a serious problem, which is TMZ resistance. 50 % of GBM patients are
unresponsive to TMZ therapy (50). This is possible due to three molecular mechanisms, 1)

overexpression of O®-methylguanine methyltransferase (MGMT), 2) mismatch repair (MMR) and
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3) base excision repair (BER) (49, 50). MGMT is a DNA repair enzyme that can transfer DNA-
bound alkyl groups to its own cysteine residues, and therefore, reverses the TMZ methylation
effect (49). Both a high expression of MGMT, as well as methylated MGMT promotor can indicate
whether GBM cells are sensitive to TMZ therapy (51, 52). Still, it is important to keep in mind
that, although MGMT expression profile can indicate TMZ sensitivity, it is not the only molecular

mechanism that can result in a TMZ resistance.

[.1.42.  Carmustine/Gliadel wafers
Another, more local approach to treat GBM via nitrosureas is the implantation of biodegradable
wafers soaked with the chemotherapeutic drug carmustine (BCNU) into the post-surgical cavity
(53, 54). The wafers are biodegradable polymer disks with a diameter of 1.45 cm and are 1 mm
thick (FDA, 1996, Ref. ID: 4358718). The polymer is soaked with 7.7 mg BCNU per disk, and
maximum of eight wafers can be placed in the post-surgical cavity (FDA, 1996, Ref. ID: 4358718).
After placement in the cavity and closure of the patient, the wafers degrade and thereby, release
BCNU into its surrounding tissue. The resulting local concentrations are 100-fold higher than
those via systemic administration (55). The treatment with Gliadel results in faintly, but
significantly, increased mean OS to 16.2 months. However, this increase comes at high cost. The
complications caused by these high local cytotoxic concentrations in the brain comprise seizures,
myelosuppression, neurologic deficit, wound healing complications, cerebral edemas and
infections (55-57). Therefore, application of Gliadel wafers remains to be carefully handled and

survival benefit has to be counter valued with incidences of complications.
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[.1.5. GBM Recurrence
GBM recurrence is a major problem in GBM treatment. Despite the therapeutic measures, in 80-

90 % of cases tumors reappear within a 3 cm area around the resection margin (58-62), shown in

Figure 5.

Figure 5 Comparison of MRI scans before and after tumor resection.

Representative gadolinium-enhanced MRI scans showing pre-operative (left), post-operative (middle) and recurrent (right)
images. Arrow highlights the recurrence. Image reproduced with modifications from (58) with permission of the authors Kevin
Petrecca et al and publisher “Springer Nature” according to license number 4938200698237 (RightsLink ®).

In case of recurrent GBM (rGBM), no standardized therapy protocol is recommended (63, 64).
Second surgery is optional for 20-30 % of patients, however, there is a lack of studies that
convince to perform such an invasive procedure (63). Re-irradiation is debatable, but again there
is lack of incidence that this procedure can improve the OS or PFS (63, 65). In terms of
chemotherapy, different other agents (e.g. nitrosureas such as carmustine and lomustine,
bevacizumab, re-challenging TMZ) are approved in Europe, improving PFS rates at 6 months
(PFS6) by 20-30% (summary of several trials in (64)). Unfortunately, despite some improve in PFS,
secondary therapeutic measures do not seem to be promising for OS of GBM patients, yet, and a

standardized treatment regimen needs to be developed.

[.1.6. Alternative treatment approaches
For the last 30 years, GBM therapy has remained incurable. It is needless to say that we are in
urgent need in developing new treatment approaches that are able to improve patient’s chances
to fight this aggressive cancer. There are several alternative tactics to treat these tumors, which

will be discussed in the following sections.
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[.1.6.1.  Targeted Cytotoxic Therapy
One major problem in GBM chemotherapy is the BBB. While a few drugs, such as TMZ, readily
diffuse over it, many available chemotherapeutics are not able to cross it and therefore, do not
reach their site of action. There is scientific interest in designing and synthesizing BBB-passing
chemo agents that also target proteins that are over-expressed exclusively in the cancerous brain
cells. The receptors IL-13RA2 (66, 67), EphA2 (68-70), EphA3 (71, 72), and EphB2 (73, 74) are
considered promising aims of this so-called targeted chemotherapy in GBM, since they are
exclusively over-expressed in GBM cells (73). Within the last years, the Debinski Lab (Wake Forest
School of Medicine, North Carolina) has pioneered in the development of a cytotoxic drug that
tackles all four receptors, a QUAD-CTX (73). From a structural perspective, agents for targeted
chemotherapy are cytotoxic derivatives of receptor ligands. For example, the recombinant
protein cintredekin besudotox (CB), a combination of interleukin-13 and a Pseudomonas
exotoxin, was evaluated in phase I/Il/Ill studies (75-77). Drugs were administered via convection
enhanced delivery (see chapter 1.1.6.2), and doses were well tolerated (76). However, OS of
patients treated with CB was 10-14 months, depending on catheter positioning of the CED device
(75), and could not significantly improve compared to TMZ + RT. This approach may be a new
method to treat GBM compartments that are otherwise untreatable — however, it is still in an

early stage of development.

[.1.6.2.  Convection-Enhanced Delivery
Convection-enhanced delivery (CED) is a catheter-based method for targeted drug delivery to the
brain. The technology was developed in the mid-1990s by the group of Edward Oldfield (78, 79).
CED devices consist of catheter cannulas that are positioned in the brain, either in the tumor
cavity or close to the tumor borders. They cannulas are connected to an external drug reservoir

and motor-driven pumps via a burr hole in the skull (illustrated in Figure 6).
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Figure 6: Schematic image of an implanted CED device.
Catheters are placed in the cull and are connected via tubes to the externally placed pumping system. Image reproduced from
(80), with permission of “The Cure Parkinson’s Trust”. The reproduction of the illustration is granted.f

In comparison to e.g. carmustine wafers, CED does not rely only on diffusion, but also pressure-
driven infusion of drugs (81). Therefore, sufficient delivery of macro molecules (e.g. nanoparticles
(82) and CB (76)), as well as their homogenous distribution in the brain tissue can be achieved
(79, 83). Typically, a total volume of 5-180 mL of chemotherapeutics are delivered at flow rates
between 0.5-10 plL/min (84). This results in spherical drug distribution within a 3 cm area around
the release hole of the catheter (40, 78, 81). However, distribution strongly depends on various
parameters such as a) molecule size, b) injection volume and c) catheter geometries (85). Also, a
serious concern of this technology is backflow and leakage of the released chemotherapeutic
along the cannula surface, leading to neural intoxication and skin necrosis, especially at high flow
rates and huge infusate volumes (86-88). Aside from this, immediate, early or late adverse events
are investigated in several CED studies and are caused by physical brain damage, mechanical
stress due to the infusion of fluids and toxicity of the drugs (89). Adverse events comprise from

local toxicity, seizures, local toxicity, hemiparesis and headaches (summarized in (89)).
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The most prominent clinical trial utilizing CED for GBM treatment was published in the PRECISE
trial performed by Kunwar et al. from 2004-2010 (77). In this phase Il trial, 296 patients were
separated in two groups to receive CB via CED or Gliadel wafers (2:1 ratio). The adverse events
did not differ between both arms, only in CB/CED arm the occurrence of pulmonary embolism
was significantly increased compared to Gliadel group (8% vs. 1%) (77). However, also the OS was
indifferent for both treatment regiments (77). The authors argued that both the variation level of
IL13 receptor expression could have had led to minor antitumor effects, as well as insufficient

visualization of drug distribution (77).

Although CED seems to be a promising approach in GBM treatment, it still has several drawbacks
that need to be improved in order to overweight the costs, adverse events and complexity of this

procedure.

[.1.6.3.  Irreversible electroporation to overcome BBB limitations
Irreversible electroporation (IRE) uses the principle of electroporation to ablate cancerous tissue.
During this strategy, pulsed electric fields (PEFs) are applied to the tissue of interest. The electric
field can be either applied by placing two electrodes with opposite polarity or one bipolar
electrode in the tissue of interest. In the applied PEF the cell membranes of this tissue form
hydrophilic pores (90). If the pulses are moderate, it can be used to transiently permeabilize cell
membrane bilayers (91), which is then called reversible electroporation (RE). RE is used for
electrochemotherapy, in which cells are permeabilized for transmission of chemo agents, and for
delivery of DNA molecules (91). In contrast to this, irreversible electroporation (IRE), can be used
to ablate pathological tissue (90). In IRE, the frequency of the electric pulses, or the magnitude of
the electric field is increased to cause cellular damage, but importantly, only to an extent that
thermal damage is irrelevant (90, 91). This is in contrast to other tissue ablation techniques
(microwaves, radiofrequency), which rely on thermal destruction of the tissue. The mechanism of
cell death induced by IRE is not exactly clarified, however, it is proposed that cell membranes
rupture and apoptosis is induced (90, 92). Therefore, IRE is proposed as cancer treatment that

does not rely on chemotherapeutics.
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Since 2010, IRE has been used in studies to treat different cancers (91). Typical IRE pulses last
100 ps, with an applied voltage range between 1500-3000 V, with one pulse per second and 90
applied pulses (91). These pulses are known to interfere with nerve function, which has been
found to recover within 7 weeks (93). Importantly, during IRE, muscle contractions can occur and
therefore, neuroparalytic agents need to be used and carefully monitored during IRE treatment

to guarantee proper muscle relaxation and respiration (91).

The application of IRE for brain tumor treatment has not been tested in humans yet. Safety of IRE
in the brain has been assessed in canine models, reporting that selected voltages can be safely
administered (94). Also, IRE treatment of seven dogs with brain tumors was performed, reported

severe post-treatment adverse effects that could be partially recovered after 14 days (95).

Currently, IRE is still in an early stage of development and several parameters need to be
determined before a safe application in the brain is possible. However, IRE has been proven
effective in ablating different cancers in human, and brain cancers in dogs (91). Major obstacles
in the further development will be sparing blood vessels and nerves, avoiding local toxicities and

leaving the BBB untainted.

[.1.6.4.  Opening of the BBB using high-intensity focused ultrasound
This method circumvents the BBB by permeabilizing it locally by applying high-frequency focused
ultrasound (HIFU). To perform HIFU, electro-acoustic beams with frequencies ranging from 0.8-5
MHz are focused in brain tissue and reach intensities between 100 — 10,0000 W/cm? (for
diagnostics < 100 W/cm? are used), which causes tissue damage (96, 97). HIFU is therefore also
used to ablate deep-seated tumor tissue due to thermal destruction(98). Over the last years, the

BBB permeabilization emerged as alternative application of HIFU for GBM treatment.

The mechanism behind HIFU-assisted BBB opening is based on microbubble oscillation. The
electro-acoustic waves induce microbubbles in body fluids to oscillate, a phenomenon called
cavitation (96). These cavitation forces push the bubbles against vessels, which can cause them
to rupture while rapidly releasing fluids. This explosion-like release has the potential to perforate

blood vessel walls of the BBB in a reversible manner (96). So far, HIFU-assisted drug delivery has
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been shown successful in animal studies, delivering BBB restricted chemotherapeutics, e.g.

doxorubicin (99) and trastuzumab (100).

|.2. Part Il: Drug delivery utilizing organic electronic ionic pumps
Organic electronic ionic pumps (OEIPs) are drug delivery devices made from organic materials.
Due to their softness, high biocompatibility and highly efficient and precise delivery of ionic
molecules, these devices are favorable to use in medical applications. In my PhD work, | utilized
OEIPs to deliver chemotherapeutics. Due to the structural complexity and bulkiness of
chemotherapeutic drugs, the mechanisms and functionality of OEIP mediated delivery of chemo
drugs needs to be closely investigated. The delivery of chemotherapeutics via OEIPs represents a

pioneer work.

[.1.7. Organic (bio)electronics
Organic electronics utilize carbon-based polymeric macromolecules which can conduct both
electrons and ions (101). This conductivity can be influenced and pushed by chemically doping
the polymer, thereby creating electron “holes” which serve as charge carriers (p-doping) (101).
These conductive polymers have therefore properties normally associated with metals, such as
electrical conductivity, however, bear the mechanical advantages of polymers (as softness, bio-
compatibility, wettability and modulus) (101, 102). These qualities are especially beneficial in a
biological interface, and organic electronics are thus promising alternatives to inorganic
electronics, especially for biomedical applications (101). One application is delivery of molecules

relevant for biological signaling cascades or therapeutic drugs.

[.1.7.1.  Bioelectronic drug delivery systems
Aside from OEIPs, different bioelectronic drug delivery systems are published and will be shortly

described. OEIPs themselves are explained in detail in chapter 1.1.8.

31



[.10.1.1. Drug release from intrinsically conductive polymers
Intrinsically conductive polymers (ICPs) are organic polymers doped with drugs. The drug of
interest is typically ionic and is incorporated into the polymer during its synthesis, where it works
like a counter ion to the charged polymer (102). Once an electric field is applied to the doped ICP,
the polymer undergoes reduction or oxidization, leading to repulsion of the dopant drug and

release from the polymer (102), schematically shown in the following equation:
-
ICP* [/ dopant™ — ICP" + dopant™

Utilizing ICPs, different agents such as dexamethasone (103), dopamine (104) and
chlorpromazine (105) have been delivered. Aside from delivery of the dopant ions, other
molecules (cations and uncharged species) can diffuse through the neutralized ICP. Therefore,

this method is not the most precise delivery system available.

[.1.1.1.2. Microfluidic pumps
Microfluidics utilize (polymeric) microchannels or microcapillaries for flow-driven transport of
fluids (106). Their surface properties and geometries are optimized for precisely controllable flow
rates and droplet formation, without putting harm to the tissue they are inserted in. In
microfluidic pumps (uFIPs) the microfluidics are combined with electrophoretic drug delivery.

This has been successfully used to inhibit epilepsy in rodents (107).

[.1.8. OEIPs
[.1.8.1.  General description
The OEIPs used in this work are of the so-called capillary fiber OEIP type, shown in Figure 7A.
These devices are miniature electrophoretic devices that consist of a source reservoir and a glass
capillary (cross section in Figure 7C) filled with an ion exchange membrane (IEM, Figure 7B,
chapter 1.1.8.3), which is embedded in a sealed tube and spans the seal. The liquid, placed into
the source reservoir, includes an electrolyte of a highly concentrated chemotherapeutic
(highlighted in pink, Figure 7A). The thin IEM-filled capillary channel is the interface with the

target, in biological applications: the tissue of interest. In both, source and target electrolyte,

32



electrodes are placed in order to generate an electric field in which ions migrate (setup in in vitro

experiments shown in Figure 7D).
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Figure 7 Demonstration of OEIPs.
A: Photograph of an actual OEIP. The source electrolyte (pink) is in the source reservoir. The channel spans the seal of the

plastic tube.
B: Schematic of Gem ion transport through a channel capillary filled with a negatively charged AMPSA exchange matrix. The

channel capillary has a diameter of 25 um and a length of 15 mm.
C: Microscopic picture of cross-section of a glass channel capillary. Outer diameter = 300 um, inner diameter = 25 um.

D: Schematic illustration of ion pump setup in cell wells. The current is following the physical direction.

[.1.8.2.  Electrophoretic ion transport

OEIP function is based on the principle of electrophoresis — the migration of charged particles
towards an electrostatically attracting charged electrode within an electrical field (108, 109). The
migrating ions are moving in a separation system, e.g. gels or liquids, and are separated due to

different electrophoretic velocities (110).
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The electrophoretic velocity (v) is proportional to the electric field (E) and the molecule’s charge
(g) and inversely proportional to its radius (r) , the distance between electrodes (d) and the

viscosity of the solution (n) (109), and can be estimated by the following equation:

E=#xq

_d*ﬁ*n*r*n

Therefore, the higher the charge of the molecule, the faster its electrophoretic velocity, while the
bigger the molecule, the higher the friction and thus, slower electromigration (109). Also, the
shape of the molecule and the distribution of m-electrons can influence that molecules of equal

mass will show different retention behavior (109).

In general, electrophoresis is a very common separation technique, e.g. in bioanalytics the
separation for proteins in sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE),
or DNA and RNA separation with agarose gels. One application similar to the capillary fiber OEIPs
is capillary electrophoresis (CE). CE utilizes polyimide coated silica capillaries with an internal
diameter of 25-100 um filled with aqueous separation systems (109). As this separation is quite
fast, the separation of biological samples such as DNA and serum proteins with CE is a standard

analysis method in clinics (109).

[.1.8.3.  The electrophoretic background in OEIPs
In OEIPs, electromigration is, above all, utilized for unidirectional release of ions of interest. In
OEIPs, the separation system serves mainly as a selectivity filter, gating ions of interest and thus
controllably releasing these ions to the target compartment. Electronic signals are thereby
converted into directed ionic fluxes (111). This is possible due to the high density of fixed charges
that are incorporated in the IEM (112). The capillary fiber (15 mm length, 25 um internal
diameter, Figure 7B, C) is either filled with anion exchange membrane (AEM) or cation exchange
membrane (CEM), depending on the ionic character of the delivered species. In the context of
this PhD project, two commercially available IEM materials were used for chemo ion delivery. The

CEM used for transport of cationic chemotherapeutics is a polyanion of polymerized 2-
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Acrylamido-2-methylpropane sulfonic acid (AMPSA) monomers. The AEM, transporting anions, is

a polycation made from 2-(acryloyloxy)ethyl trimethylammonium chloride (AETMAC).

[.1.8.1.  Advantages and limitations of OEIPs
One major advantage of OEIPs is the high spatio-temporal controllability of the released
molecules. Therefore, within seconds, defined concentrations of biological stimulants or drugs
can be reached in a confined compartment. Also, this method does not rely on flow of fluids, but
is a “dry” delivery method, and therefore does not cause disturbing effects or convectional
turbulences in body fluids. Also, the volume and pressure of target compartments is not
influenced by OEIP mediated delivery, which is especially of interest in sensitive organs such as
the brain. Due the fact that OEIPs are operated by applying an electric field, these devices are

among the most precise drug delivery tools currently available.

However, one major limitation of OEIPs is that the size of transportable molecules is strictly
limited, as otherwise the IEM is not transmissive. Therefore, delivery of bulky macromolecules
(e.g. RNA, immunoglobulins, toxins), which are often of medical interest, is currently not possible.
Another phenomenon that can occur while operating an OEIP is water splitting (112). This
happens due to concentration polarization at the inlet of the capillary channel. During operation
of an OEIP, in the microenvironment of the inlet the delivered molecules are depleted, while
their counterions build up. Subsequently, due to the lack of deliverable ions and the applied
electric field, electric-field enhanced splitting of water into OH™ and H* occurs. The ions then can
move in the electric field through the IEM (112). This, however, can be overcome by enriching

the concentration of the source electrolyte, as Seitanidou et al. have shown (112).

[.1.8.2.  Currently established applications of OEIPs
Since the first publication of OEIP technology in 2007 (113), different applications have been
developed for this spatio-temporally controllable delivery method. In vivo, it has been shown that
the delivery of the neurotransmitters glutamate (Glu), aspartate (Asp) and y-aminobutyric acid
(GABA) via OEIPs could mimic a synaptic nerve and modulate mammalian sensory (114). Also,

OEIP-mediated GABA delivery was successfully applied for pain decrease (115) and epileptic
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seizure control (107, 116, 117). Also, OEIPs were applied to interfere with inflammation by
delivering salicylic acid to monocytes (118). Aside from medical science, OEIP-mediated delivery
has evolved as scientific platform to study plant physiology, delivering the plant hormones auxin

and abscisic acid (119, 120).

|.3. Part lll: Chemotherapeutic drugs studied in this PhD project
In order to employ OEIPs for electronically controlled chemotherapy first important steps are to
(i) find drugs which could be used for the application via OEIPs, (ii) observe their GBM cell killing
effectiveness and (iii) test their applicability for OEIP mediated delivery. Therefore, the molecules
of interest need to be in a charged state and their molecular weight needs to be in a range
between 0-300 g/mol. In the context of this project, the drugs Gemcitabine and Chlorambucil

were examined, with main emphasis on Gemcitabine.

[.1.9. Gemcitabine
Gemcitabine (2', 2'-difluoro 2'deoxycytidine, sold under the brand name Gemzar® by Eli Lilly and
Company, here abbreviated as Gem) is a potent chemotherapeutic agent approved for the
treatment of non-small cell lung cancer, pancreatic cancer, bladder cancer and breast cancer via
intravenous injection (IV) (FDA, Ref. ID: 3503046). As it can barely cross the BBB (121), its
application to brain tumors via IV is less practical. A chemotherapeutic treatment approach with
a new drug has the potential to circumvent resistance and to improve prognosis, especially in
TMZ-resistant forms of GBM. Gem is, moreover, a very potent radio-sensitizer since it can inhibit

DNA replication following treatment with ionizing radiation (122, 123).

For an electrophoretic application which bypasses the BBB, we aim to use OEIP technology to
deliver Gem in the form of a “Gem lonic Pump” (GemlIP) implant. Gem is a chemical analogue of
the DNA building block cytidine, and undergoes therefore the same cellular pathways and
mechanisms as cytidine to get to its final site of action, the DNA. The mechanism of Gem action
requires activation by triple phosphorylation following cellular uptake. Integration of activated

Gem into cellular DNA causes an arrest of cell division in S-phase followed by apoptosis of both
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tumorigenic and healthy cells (122, 124). Highly proliferative cells, such as cancer cells, are thus

extremely sensitive to this drug.

In order to perform OEIP-mediated delivery of Gem, it has to electromigrate through the electric
field. Therefore, Gem must be in a charged/ionic state. With a predicted pKa of the nitrogen in
the pyrimidine ring of 3.65 (Figure 8A, Chemicalize was used for pH prediction, March 2019,

https://chemicalize.com/, developed by ChemAxon), the molecule is expected to be in a

protonated and single positively charged state below this pH. Accordingly, it is predicted that 30
% of Gem molecules will be found in a protonated state, i.e. Gem:H* at pH 4 (Figure 8B, Gem*
curve in yellow) (125, 126). This and the molecular weight (ca. 263 g/mol) of the molecule
indicate that the Gem is a promising candidate for functional OEIP mediated delivery with an

CEM (e.g. polyAMPSA).
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Figure 8 Gemcitabine and its protonation behaviour.

A: Chemical structure and predicted pKa values of Gem.

B: Distribution of micro species for differently protonated forms of the Gem molecule. The predicted curves in % of
distribution (commercially available ChemAxon software: chemicalize.com) shows in red: the single positively charged
jonic form of Gem, in blue: the neutral molecule, in yellow: the single negatively charged molecule (deprotonation of
hydroxide pKa 11.52) and in green: the double negatively charged molecule (deprotonation of both hydroxides).
Chemicalize was used for pH prediction, March 2019, https://chemicalize.com/, developed by ChemAxon,
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[.1.10. Chlorambucil
The chemotherapeutic drug Chlorambucil (CLB) (Figure 9A) occurs as another possible candidate
for OEIP mediated delivery. The compound is usually used as a standard treatment for leukemia,
has a molecular weight of 304 g/mol and carries a single negative charge at physiological pH.
Since this drug is negatively charged, an AEM membrane is needed for OEIP mediated delivery

(e.g. polyAETMAC).
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Figure 9 Chlorambucil and its protonation behaviour.

A: molecular structure of CLB. The acidic pKa of the carboxylic acid is 4.46.

B: Distribution of micro species for differently protonated forms of the CLB molecule. The predicted curves in % of distribution
(commercially available ChemAxon software: chemicalize.com) shows in red: the single positively charged ionic form of CLB
(protonation of nitrogen at pKa 1.72), in blue: the neutral molecule, in yellow: the single negatively charged molecule
(deprotonation of hydroxide pKa 4.46) and in green: the netto neutral molecule (deprotonation of hydroxyl group, protonation of
nitrogen).

Chemicalize was used for pH prediction, March 2019, https://chemicalize.com/, developed by ChemAxon,
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2. Hypothesis and Aims/Aims and Obijectives

2.1. Treatment of GBM with Gemcitabine lonic Pumps
In this project, we establish bioelectronic chemotherapeutic delivery via ionic pumps for the
treatment of tumors in the brain. Unlike other delivery methods, OEIP technology does not rely
on a flux of fluids — only ions migrate, allowing “dry” chemotherapeutic delivery, without further
disruption of the fragile biochemical environment at the delivery outlet. Due to this, we consider
OEIP mediated drug delivery the ideal method to deliver BBB restricted, potent
chemotherapeutics directly to GBM tumors and to improve the GBM treatment and OS rates on

a long term.
The aims of my PhD project are therefore

e To establish an OEIP operation laboratory at the Gottfried Schatz Research Center at the
Medical University of Graz

e To proof the principle of OEIP mediated delivery for the chemotherapeutic Gem

e To characterize OEIP mediated Gem delivery (determination of delivery rates and
efficiency)

e To evaluate GemlP safety as operation in vitro

e To use GemlPs for the treatment of GBM cell monolayers and microtumors

Delivery of chemotherapeutic drugs for the treatment of cancer has, to date, not been explored,
making the proposed project, to the best of our knowledge, a pioneering application of OEIP

technology.
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3. Materials and Methods

3.1. Manufacturing of in-house source measure units (SMUs)
SMUs were developed and manufactured by Meysam Karami Rad (Linképing University) and
manufactured by Kurt Feichtinger (Medical University of Graz). The in-house produced SMUs
serve as alternative to commercially available sourcemeters, e.g. provided by Keithley Tektronix,
USA. These Arduino-based devices are an attractive low-cost option to operate OEIPs and were

used exclusively to operate OEIPs in this work.

3.2. OEIP fabrication

The fabrication of OEIP devices was performed by Maria Seitanidou and Marie JakeSova.

The fabrication steps are described in detail in the PhD thesis “ Overcoming Limitations of

lontronic Delivery Devices” of Maria Seitanidou (127).

Shortly summarized, the CEM was prepared by mixing AMPSA monomers with polyethylene
glycol diacrylate (PEG-DA) and a photoinitiator (2-hydroxy-4'-(2-hydroxyethoxy)-2-methyl-
propiophenone). The glass capillaries (Polymicro Technologies, 15 uM internal diameter, 125-
300 uM external diameter) were used both as uncoated fibers and as polyimide coated fibers
(batch dependent). Fibers were rinsed with DI H,O and one end a syringe adapter was
assembled. With syringes, 2 M KOH was flushed through the capillaries to activate the OH-groups
of the inner silica surface, followed by salinization with 3-(trimethoxysilyl) propyl methacrylate (3-
TSA). This step causes reaction of the silanizing agent with the silanol groups, making the surface
hydrophobic due to presented methacrylic groups. The CEM material (AMPSA mixture) is flushed
into the capillary and photopolymerized. Finally, the capillary fiber is cut into 15 mm long pieces

and assembled in heat-shrink tubes using hot tweezers.

3.3. Compounds
Temozolomide (TMZ) was obtained from Merck Millipore, USA and stored as powder at 4 °C and
dissolved in corresponding media immediately before use. Gemcitabine and Cytidine were

obtained from Merck Millipore, USA and stored as 100 mM aqueous stock at -20°C until use. CLB
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was obtained from Merck Millipore, USA, and was diluted in 96 % EtOH at 100 mM and stored at
-80°C. Staurosporin was used form Merck Millipore, USA and stored as 1 mM stock in DMSO at -
20°C until use. Digitonin (Merck Millipore, USA) was dissolved in water at 5 mg/mL and diluted to

working concentration of 50 pug/mL immediately before use.

3.1. Detection of Gem via UV Absorption
As reported, the Gem concentration was detected via UV absorption of the molecule at 267 nm
(128). To verify this, the absorption spectrum of Gem was determined with a CLARIOstar plate
reader (BMG Labtech, Germany) over a spectral range of 220-400 nm. The target concentration
itself was determined at a NanoDrop Microvolume Spectrophotometer (Thermo Fisher Scientific,

USA).

3.2. Determination of delivery rates
OEIPs were assembled in an Eppendorf tube with a reservoir of 50 uL deionized water. The OEIP
source contained 100 mM Gem adjusted to pH 4 with 0.0001 M HCI. Utilized electrodes were PET
sheets covered with PEDOT:PSS and optional AgCl coating to increase the capacity and carbon
coating for better contacts were placed in the target and source. OEIP channels were filled with
Gem at constant 0.5 V for 2 h. Afterwards, target solutions were replaced with fresh water and
OEIPs were run at 10, 20 or 0 nA for 8 h. The concentration of Gem in the target was detected
with a NanoDrop (Thermo Fisher Scientific, USA) at 267 nm. The delivery rate was calculated by
multiplying the measured Gem concentration [pmol/L] with the target volume [L] and divided by

the time of delivery [min].

3.3. Gem stability
To determine the stability of Gem over three weeks, for each time point, samples of 50 uM Gem
with adjusted pH were prepared. The samples were stored in an incubator (37°C, 5% CO3) for up
to three weeks, samples were taken and measured after 0, 7, 14 and 21 days and the

concentration was determined via NanoDrop (Thermo Fisher Scientific, USA).
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3.4. Cultivation of cells
In view of the marked genetic heterogeneity of GBM, we selected a panel of four GBM cell lines
with different levels of MGMT expression and variable p53 mutation status. The chosen cell lines

are described in Table 1.

Cell Line (ATCC No.) Cell Type T™Z MGMT p53

sensitivity  expression

U-87 MG (ATCC HTB-14) Human high(129)  low(130, 131) wild-type(132)
A172 (ATCC CRL-1620) Human, GBM high(133) null (131) wild-type(132)
U-251 MG Human, GBM high(50) null(131) mutant(134)

LN-18 (ATCC CRL-2610)  Human, GBM grade IV low(129)  high(135, 136)  mutant(134)

Table 1 Characteristics of the glioma cell lines.

U-87 MG cells were cultivated in E-MEM supplemented with 2 mM L-glutamine, 1 mM sodium
pyruvate, 0.1 mM non-essential amino acids (NEAA) and 10 % fetal bovine serum (FBS). U-251
MG were cultivated in D-MEM supplemented with 2 mM L-Glutamine and 10 % FBS. All media
and supplements were obtained from Thermo Fisher Scientific, USA. In order to form spheroids,
U-251 MG cells were seeded at a density of 10.000 cells/well into round-bottomed ultra-low

attachment plates (Corning, USA) and further proceeded after 30 h sphere formation.

U-87 MG cells were cultivated in E-MEM media supplemented with 2 mM L-glutamine, 1 mM
sodium pyruvate, 0.1 mM non-essential amino acids (NEAA) and 10 % fetal bovine serum (FBS).
U-251 MG were cultivated in D-MEM media supplemented with 2 mM L-Glutamine and 10 %
FBS. All media and supplements were obtained from Thermo Fisher Scientific, USA. Primary
neurons and astrocytes were obtained freshly from rat brain. Briefly, rats at postnatal day 0-1 will
be sacrificed by decapitation; 4 cortical hemispheres out of 2 pups will be quickly removed,
washed with phosphate buffer, crosswise chopped in 100 um squares (Mcllwain Tissue Chopper)
and transferred to 1 ml Accutase for 20 min at 37°C. Enzymatic digestion will be stopped by

adding serum-containing medium. Suspension will be filtered through a 0.4 um cell strainer and
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centrifuged for 5 min at 300 g. For cultivation of neurons, cells will be re-suspended with the
cultivation medium (Neurobasal A Medium supplemented with 1 % B27, 0.5 mM GIutMAX (all
Thermo Fisher Scientific), 5 ng/mL R-FGF and 20 ng/mL EGF (both PrePro Tech)). After 4 initial
days RFGF concentration was increased to 10 ng/mL. Astrocytes were cultivated in D-MEM
supplemented with 20 % FBS, 2 mM GlutaMAXX (all Thermo Fisher Scientific, USA), 1 mM sodium

pyruvate (Merck Millipore, USA) and 0.2 % normocin (Invivogen, France).

3.5.1C;, curves of Gem, TMZ and CLB
ICso curves were obtained by seeding U-87 MG at a density of 4000 cells/well and U-251 at a
density of 1500 cells/well. After settling, cells were treated for 72 h with a range of freshly
prepared TMZ solutions (0, 50, 100, 500, 1000, 2000, 5000, 7000, 10000, 12500, 15000, 20000),
Gem solutions (0.0001, 0.001, 0.01, 0.1, 1, 5, 10, 50, 100, 500, 700, 1000, 2000, 5000, 7000,
10000 puM) and CLB solutions (0.1, 1, 10, 50, 100, 200, 300, 400, 500, 600, 800, 1000, 5000 puM).
Cell viability was analyzed after 72 h incubation by performing a CellTiter 96® AQueous One
Solution Cell Proliferation Assay (MTS) (Promega, Germany) according to manufacturer’s
protocol. Results were read out on a CLARIOstar platereader (BMG Labtech, Germany) at 490
nm. Sigmoidal curve fit was done with Prism 8 software (GraphPad, USA) by using a variable slope
with  four parameters and the following equation: Y = Bottom + (Top-

Bottom)/(1+(IC50/X) HillSlope).

3.6. Real-time monitoring of apoptosis and necrosis
To monitor apoptosis and necrosis, a Real RealTime-Glo™ Annexin V Apoptosis and Necrosis
Assay (Promega, Germany) was performed. U-87 MG cells (4000 cells/well) were seeded into flat-
bottomed black-walled 96-well plates (Corning, USA). After settling, cells were treated with a
final concentration of 1 UM staurosporin (positive apoptosis control), 50 pug/mL digitonin (positive
necrosis control) and Gem (0.1, 1, 10 uM). The 2X Detection Reagent was prepared according to
manufacturer’s protocol and added to the cells as well. Readout of luminescence (annexin V) and
fluorescence (at 485 nm excitation/520-30 nm emission, necrosis) was performed on a

CLARIOstar platereader (BMG Labtech, Germany).

43



3.7. Determination of growth
To observe cell growth under presence of 1 mM Gemcitabine, cells were seeded in flat-bottomed
black-walled 96-well plates (Corning, USA) at a density of 8000 cells/well (U-87 MG) and
4000 cells/well (U-251 MG). After settling, cells were treated with 1 mM Gemcitabine and
untreated controls were carried out in parallel. Analysis was performed after 0, 24, 48 and 72 h
by performing a Hoechst stain (6 pg/mL Hoechst 33258 in PBS, incubation for 10 min/room
temperature/dark), followed by two wash steps with PBS. Results were read out on a CLARIOstar

platereader (BMG Labtech, Germany) at 350 nm excitation/455 nm emission.

3.8. GemlIP operation on U-87 MG monolayers in vitro
To observe effects on GBM cells, U-87 MG were seeded at a density of 4000 cells/well in 250 uL
media in 96 well plates. To fill the channels, OEIPs were installed as described as in
“Determination of Delivery Rates for Gem”. OEIP channels were pre-filled with Gem or Cytidine
(Cyt) at constant 0.5 V for 2 h. After settling of the cells, OEIPs with Gemcitabine-filled channels
were mounted on the wells, with the channels immersing into the cell media but without
contacting the monolayer of cells at the well bottom. As electrodes, Orgacon electrodes without
AgCl paste were used. The source reservoir consisted of 100 mM Gem adjusted to pH 4 (0.0001
M HCI). Additionally, the OEIPs with source filled with 100 mM Cyt at pH 4 (0.0001 M HCI) were
mounted identically as those with Gem. After operation for certain time periods, OEIPs were
dismounted and cells were incubated for 72 h to observe the effects of treatment
microscopically at 4X magnification (Olympus IX70 microscope equipped with camera model
34.0) and VisiView Software (Visitron, Germany) and cell viability was measured (procedure

described in 3.5).

3.9. GemlIP operation on U-251 MG spheroids in vitro
U-251 MG cells were seeded at 10,000 cells/well in round-bottom microplates with ultra-low
attachment surface (Corning, USA) and cultivated for 30 h to assure formation of spheroids.
Afterwards, OEIPs were installed as described in chapter 3.8 and were operated for 24 h at

10 nA. After OEIP mediated treatment, OEIPs were dismounted and spheroids were incubated for
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further 48 h (followed by flow cytometric analysis of cell death, see chapter 3.11) or 96 h
(microscopy). For visualization of spheroid disassembly, microscopic pictures of spheroids were
taken at 4X magnification on an Olympus IX70 microscope (Diagnostic Instruments Inc., USA) with
camera model 34.0 and VisiView Software (Visitron, Germany). The dense spheroid area was

analyzed via IMARIS picture detection software (Oxford Instruments, UK).

3.10. Mass spectrometric determination of Gem concentration after 24 h
Chromatographic separation was carried out on a Dionex UltiMate 3000 system equipped with a
Zorbax SB-C18 column (50 mm x 4.6 mm, 1.8 um, Agilent, USA) with a flow rate of 0.3 mL/min
(solvent A: 0.1 % formic acid in water; solvent B: 0.1 % formic acid in acetonitrile). Injection
volume was 2 plL and the following gradient was applied: 0-10 min: 1% B - 30% B; 10-13 min: 1%
B. Chromatography was coupled to a TSQ mass spectrometer (Thermo Fisher Scientific, USA)
operated with electrospray ionization source in positive mode. Selected reaction monitoring
mode was enabled with a parent mass of 264.100 Da for Gem and fragment masses of 94.980 Da
and 112.000 Da. Peak integration and analysis was performed using Thermo Xcalibur Quan

Browser (version 3.0.63).

3.11. Analysis of apoptosis in spheroids using flow cytometry
Detection of apoptosis in spheroids was performed by utilizing a FITC Annexin V Apoptosis
Detection Kit | (BD Biosciences, USA) following the manufacturer’s protocol. Measurements were
performed on a CytoFLEX (Beckmann Coulter, USA), the acquisition is terminated after 10,000
cell counts and follow-up data analysis is performed with CytoFLEX analysis software (Beckmann

Coulter, USA).
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4. Results

4.1. Channel filling and constant delivery of Gem with OEIPs
In order to establish constant delivery of molecules, the IEM of OEIP channels need to be
filled/loaded with the molecules of interest. Therefore, a so-called “channel-filling protocol” is
conducted, in which small cations from buffer solutions (e.g. K*, Na*, Ca®*, Mg?*), that are initially
present in the IEM, are replaced by the chemotherapeutic cations due to their migration in the
electric field. A theoretical current trace profile of this channel-filling process is shown in Figure
10. While a constant voltage is applied and the source consists of a saline buffer (e.g. 10 mM KCl),
a stable current is recorded (Figure 10, phase I). After exchanging the buffer with a solution
containing sterically more demanding and bulkier molecules (e.g. 100 mM Gem at pH 4), the
electromigration of these bulky molecules through the IEM results in an increase of resistance of
the channel, and therefore a decrease of the recorded current (Figure 10, phase Il). Phase Il is
therefore considered as a filling/exchange phase, in which both molecules from the previous and
the new source are present and migrate through the IEM matrix. Once the current stabilizes
again (phase lll, Figure 10), it is assumed that mainly drug molecules of the new source are

present in the IEM and a constant drug delivery is supposedly established.
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Figure 10 Theoretical current trace profile.

The current trace shows the typical recorded current when a source electrolyte is exchanged for a source containing molecules
with higher molecular weight than the previous electrolyte at constant voltage.

A representative current profile trace of the realistic channel filling process of a GemlIP is shown
in Figure 11. In contrast to the theoretical current trace (Figure 10), phase | was here omitted.
The device was filled with a source consisting of 100 mM Gem at pH 4 while 0.5 V were
constantly applied. Two major observations can be made based on this profile trace, (a) the
phase Il decay, in which the exchange of cations in the IEM occurs, is observed within the first six
hours of operation, and (b) although the decay becomes less steep at around 10 nA (device-
dependent), the recorded current does not stabilize, even after 24 h of operation. We observed
this behavior in all OEIP devices filled with Gem, and concluded that the ongoing phenomenon is
based on “clogging” of the IEM with Gem molecules. “Clogging” means, that due to the
molecular interactions and steric hindrance of Gem in the IEM, there is a build-up of Gem,
resulting increased resistance and reduced ion conduction. These effects will be further

characterized and discussed in the following chapters.
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Figure 11 Realistic channel filling trace for GemlPs.
GemlP was operated with a source consisting of 100 MM Gem at pH 4, while applying 0.5 V constantly for 24 h.

4.2. Determination of delivery rates
Based on this current profile trace, the next aim was to determine whether Gem can be detected
in the target electrolyte, and consequently to calculate the delivery rates at different addressing
modes. Therefore, an absorption spectrum of Gem (500 uM) was detected via UV absorbance,
resulting in maximum absorbance at 267 nm (Figure 12, left), as already reported by Singh et al.,

2015 (128). The linear range of Gem UV detection is between 2.5-500 uM, shown in Figure 12,
right.
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Figure 12 Absorption characteristics of Gem.
Left: Spectrum of absorbance of aqueous Gem solution (500 uM), recorded from 220-400 nm. Right: Linear range of Gem
detection via UV absorption at 267 nm.

Accordingly, GemlIPs were installed with a source of 100 mM Gem, pH 4 and a target solution of
30 pL dH;0. The GemlIPs were operated for 8 h at 10, 20 nA (active delivery) or 0 nA (for
determination of passive delivery). Afterwards, the Gem concentration in the target was
determined via UV absorbance at 267 nm and the delivery rates were calculated based on the

following equation:

moi] Gem concentration [mLoi] # target volume [L]

Delivery rate [

s time of delivery [s]

The measured delivery rates were 1.54 + 0.68 pmol/min at 10 nA, 1.55 + 0.73 pmol/min at 20 nA
and 0.16 £ 0.10 pmol/min at 0 nA, plotted in Figure 13. These results indicate that the delivery of
Gem via OEIPs is indeed possible and that the application of an electric field is essential to
generate delivery rates that are relevant for physiological applications. It also showed that GemIP
operation at 10 and 20 nA results wide spreading of values, and that the difference of mean

delivery rates is not significantly increased when the current is increased from 10 to 20 nA.
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Figure 13 Comparison of delivery rates of GemlPs.
GemlPs were differently addressed (0, 10 and 20 nA). Results shown as mean + SEM of four different GemlIP devices, operated at

least twice with each addressing.

We hypothesize that this is due to the already mentioned clogging of the IEM with Gem ions. To
our current knowledge we assume that Gem cannot migrate without restrictions through the
[EM due to a) m-m-electron interactions between Gem and AMPSA molecules, and b) steric

hindrance of the spacious Gem molecule in the closely linked [EM matrix.

4.3. Mass Spectrometric analysis of Geml|P performance
In order to evaluate the general range of performance of GemIPs, we utilized 20 different GemIPs
from one batch and operated them for 24 h at 10 nA. Two different concentrations were
calculated, the predicted concentration, which is calculated based on the current that was
applied (grey in Figure 14) and the realistic concentration, calculated based on linear fitting of
mass spectrometric measurements of all 20 GemlIP devices (red in Figure 14). From this
comparison, we could see that the efficiency of delivery is below 1%, which is presumably due to
the mentioned clogging and due to the fact that Gem is a spacious molecule. Also, it becomes

visible that the realistic measured concentrations vary strongly between devices.
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Figure 14 Comparison of delivered [Gem].
Twenty GemlP devices were operated for 24 h at 10 nA. Concentration in the target was determined via MS measurements.

We also observed the performance of single GemIP devices operated for total 48 h, in order to
show that the operation time has direct influence on delivery rates. Therefore, we operated six
GemlPs at 10 nA for 24 h and measured the Gem concentration in the target (observation 1,
Figure 15). The procedure was repeated directly afterwards (observation 2, Figure 15), and

results in lowered final concentrations for all measured devices.
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Figure 15 Performance of GemlPs over total 48 h.

Delivered Gem concentration delivered by GemlIPs (n=6) was detected after two subsequent operation sessions with 24 h each.
Samples were drawn after 24 h (observation 1) and 48 h (observation 2) of continuous GemIP operation at 10 nA. For all devices,
decreased delivery of Gem occurs after the first 24 h operation session.

In parallel, the voltage, which was detected during the constant current operation mode of
GemlIP measurements, continuously increased (representative voltage profile shown in Figure
16). This resembles again the clogging complications that occur during constant operation. The

voltage increases as the resistance increases.
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Voltage profile of Gem delivery

1.0
0.8
>
< 06
o
2
S 0.4
>
0.2-
0.0 T T
0 12 24

Time [h]

Figure 16 Voltage trace of GemIP operated at 10 nA constantly.
The increase in resistance becomes evident by the constant increase in the recorded voltage at constantly applied 10 nA.

These results sum up that the OEIP mediated Gem delivery is a) functional, b) controllable via the
applied electric field and c) clogging occurs to an extent that is still tolerable for our first in vitro

experiments, but needs to be improved in further generations of GemlIPs.

4.4. Gem stability
The long-term aim of this project is the development of a GemlIP based brain implant, which has
a source reservoir body in which Gem will be stored in its protonated state at acidic pH values.
We therefore considered the evaluation of Gem at low pH values as important parameter to
proceed with this drug in further experiments. Gem solutions (100 uM) were acidified to pH 3
and stored at 37°C for three weeks. After each week, the concentration of the samples was

measured via UV absorbance at 267 nm and normalized to the absorbance of 100 uM Gem.
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Figure 17 Stability of Gem at acidic pH of 3 over three weeks.
Results are shown as mean + SEM, n=3 from one single experiment, one-way ANOVA, *: p-value < 0.1, **:p-value <0.01.

The concentration decreased significantly, but slightly by ca. 10% % over three weeks, with a
concentration of 96 + 6 UM after the first week, 85 + 2 uM after the second, and 89 + 3 uM after
the third week, shown in Figure 17. We considered the extend of Gem degradation acceptable
for our planned purposes, and therefore, continued with the evaluation of Gem as agent for GBM

treatment.

4.5. Gem as potent chemo agent for treatment of GBM
First of all, we observed the major pathway through which Gem induces cell death in the GBM
cell line U-87 MG. We therefore performed an apoptosis and necrosis assay, which measures on
one hand the apoptosis via a luminescent reaction, and on the other hand the necrotic cell death
via fluorescence. For detection of apoptosis, the lipid asymmetry including the presence of
phosphatidyl serine (PS) in the outer membrane leaflet is utilized as indicator of this cellular

process. In healthy cells, the bipolar membrane building block PS is only represented in the inner
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leaflet of the lipid bilayer of the cell membrane. Only when cells become apoptotic, PS flips to the
outer leaflet (137). The protein annexin V has high affinity for PS, and binds to it once it is present
at the outer leaflet. This reaction was used for detection, utilizing two labeled subunits of
annexin V which produce a luminescent signal once they bind to PS and each other. In contrast to
this, the detection of necrosis relies on the accessibility of DNA, which occurs when the cell
membrane ruptures, a hallmark of necrosis. The fluorescent DNA dye used for detection of
necrosis can then enter the cell and intercalate in the DNA, resulting in a fluorescent readout. In
the performed tests, we compared three Gem concentrations (0.1, 1 and 10 uM) with the signals
induced by the well-established apoptosis inducer staurosporin (1 uM) and the necrosis-inducer

digitonin (50 pg/mL) over 72 h, shown in Figure 18.

In Figure 18A, the maximum of apoptotic signals induced by different compounds and
concentrations is shown. Both 1 and 10 uM Gem significantly induced apoptosis, comparable to
the signal of the positive apoptosis control staurosporin. The lowest Gem concentration (0.01
uM) did not significantly induce apoptosis and was comparable to the signals of the growth
control and digitonin (50 ug/mL). In Figure 18B, the time course of the induced effects is shown.
For staurosporin (1 uM), the maximum apoptosis signal is already reached after 24 h, while for 1

and 10 uM Gem the maximum is reached after 48 h.
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Figure 18 Cell death pathways caused by Gem treatment in U-87 MG cells.

A: Maxima of Apoptosis.

B: Time course of apoptosis. Treatment with staurosporin (1 UM, positive apoptosis control), digitonin (50 pg/mL, positive
necrosis control), Gem (0.01, 1, 10 uM) or no treatment (growth control). Results are shown as mean * SEM, n=3, single
experiment.

Analysis of induced necrosis showed that the major pathway of cell death induced by Gem is
clearly apoptosis. The signal maxima of fluorescent signal remained low for all three tested
concentrations, and in comparison the positive control digitonin tremendously lower, even lower
than staurosporin samples (Figure 19A). The time course (Figure 19B) shows that over the whole
time, the necrotic signal increased slightly in staurosporin and 1/10 uM Gem, however, to an

extent we evaluate irrelevant.
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Figure 19 Cell death pathways caused by Gem treatment in U-87 MG cells.

A: Maxima of necrosis. B: Time course of necrosis. Treatment with staurosporin (1 uM, positive apoptosis control), digitonin (50
ug/mL, positive necrosis control), Gem (0.01, 1, 10 uM) or no treatment (growth control). Results are shown as mean + SEM, n=3,
single experiment.

We next determined the effect of Gem on cell growth, by performing staining of nuclei with
Hoechst dye (Figure 20). U-87 MG (Figure 20, blue) and U-251 MG (Figure 20, red) cells were
therefore treated with 1 mM Gem for up to 72 h, controls remained untreated. This data shows
that Gem has the potential to inhibit cell growth of these cells completely, even to an extent that

cell number is reduced over 72 h.
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Growth Behavior of GBM Cells
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Figure 20 Growth behavior of GBM cells after treatment with 1 mM Gem.
U-87 MG and U-251 MG cells were treated with 1 mM Gem for up to 72 h. Results are shown as mean + SEM from a single
representative experiment, n=3, two-sided t-test, *: p-value < 0.1.

This is an essential quality of a chemotherapeutic. Since GBM can double its volume within 50
days, the explosive growth of these cells needs first and foremost to be stopped. These results
show that Gem indeed has the potency to do so, and to therefore, generates a time window for

therapeutic measures while keeping the cell growth contained.

In the next step we determined ICsp values for Gem and TMZ. There are some few reported ICso
values for Gem in GBM cell lines (134), and a plethora of ICsp values for TMZ in GBM, of course.
However, TMZ ICsp values vary between the low micromolar to the millimolar range (50), most
probably due to the high mutagenic potential of GBM cell lines and different treatment
protocols. We therefore considered it essential to establish 1Csop curves for the cell lines we
utilized throughout this project, and compared them with ICsoies for healthy brain cells such as

neurons and astrocytes (Figure 21).
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Figure 21 ICso values of Gem after 72 h treatment in GBM cell lines, astrocytes and neurons.
The values are plotted in comparison to neuronal toxicity caused by Gem, in order to visualize the therapeutic window. All values
shown as mean + SEM, data from at least two independent experiments, n > 6.

59



These resulting ICso curves for each GBM cell line are shown in comparison to the ICso in neurons.
This was done to visualize the huge differences of effects on cell viability in malignant and healthy
brain cells caused by Gem. As expected, neurons react to Gem only at high concentrations, and
have an ICsg above 10 mM. This is owed to the mechanism of action of Gem, which incorporates
into the DNA and subsequently triggers apoptosis. Since neurons are static cells, this effect of
Gem does not come in. Vice versa, the effect does become noticeable especially in the
explosively growing GBM cell lines U-87 MG and U-251 MG. Their ICso is remarkably low in the
low nanomolar range. Worth mentioning is that in U-87 MG, the cell viability reaches a plateau at
ca. 50 % and decreases only slightly high concentrations in the millimolar range. We assume that
all treated cells have in fact incorporated Gem into their DNA and undergo cell cycle arrest,
however, they are still viable to a certain extent. Therefore, they can still chemically reduce the

compound used to detect cell viability, and consequently contribute to increased cell viability.

For the moderately proliferating GBM cell lines A172 and LN-18, as well as for astrocytes, the |Cso
is in the micromolar range (all ICso values for Gem are summed up in Figure 21). Although these
values are higher than those of U-87 MG and U-251 MG, the analysis of this data shows that Gem
treatment of GBM opens a “therapeutic window”, which means that Gem concentrations low
enough to harm GBM cells, but leaving neurons untainted, can be applied, especially with the

controlled dosing via OEIPs.

Identical to Gem, we performed ICso determination in GBM cell lines and neurons using TMZ
(Figure 22). Based on this data set, we could make three main observations, (i) TMZ does not
have the previously mentioned “therapeutic window”, making it difficult to treat GBM locally
with TMZ at concentrations that are harmless to neurons, and (ii) TMZ values are in general
higher than ICso values in literature. To explain this phenomenon we hypothesize that on one
hand GBM cells have a tremendously high mutagenic potential, which means that during
cultivation and passaging, the cells easily mutate and develop different phenotypes that respond

differently to TMZ.
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Figure 22 ICso values of TMZ after 72 h treatment in GBM cell lines and neurons.
The values are plotted in comparison to neuronal toxicity caused by TMZ, in order to visualize the therapeutic window. All values
shown as mean + SEM, data from at least two independent experiments, n > 6.

On the other hand, in the studied literature, TMZ is in general dissolved in DMSO, which is
favorable since TMZ has higher solubility in DMSO than in water, and it decomposes in aqueous

solutions spontaneously. Still, for generating some reported ICsg curves using TMZ in DMSO, the
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biocompatible DMSO concentration of 0.1 % must have been overstepped. In contrast, for
determination of the here presented ICso values, TMZ was dissolved freshly in media each time
before preparing an ICso dilution series. We therefore hypothesize that the lower ICso values

reported in literature could also be the result of a combined toxicity from DMSO and TMZ.

The third observation (iii) was that the interference of GBM cell viability caused by TMZ occurs

only at concentrations up to 100,000 fold higher than with Gem (visual comparison in Figure 23).

IC5, of Gem and TMZ in GBM cells
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Figure 23 Comparison of I1Cs curves of Gem and TMZ in U-87 MG and U-251 MG.
Values shown as mean + SEM, n=6 from 2 independent experiments.

In summary, this data suggests that Gem is a potent chemotherapeutic, also in the application for
GBM. It indeed induces apoptosis, inhibits cell growth and has remarkably low effective
concentrations in strongly proliferating cells, while static and cells with reduced proliferation are
not affected that strongly by its cytotoxic potential. Additionally, in comparison with TMZ, Gem

seems to be more potent, inducing severe cytostatic effects already at low concentrations.

4.6. Geml|P treatment of GBM cells in monolayers
Based on these results, we evaluated Gem as strong chemotherapeutic agent to treat GBM cells
with OEIP technology. In our next experiment we had two goals, to evaluate whether Gem is still

a potent cell toxic drug after it has been delivered via OEIPs, and to exclude that the OEIP setup

62



or operation causes cell toxic effects itself. Therefore, we installed different OEIP devices on U-
87 MG cells in 96-well plates, and treated the cells manually with the same compounds as
positive treatment controls (Figure 25). On one hand, we utilized GemlIPs with a source
electrolyte constituted of 100 mM Gem at pH 4, and conducted in parallel the manual treatment
with 50 uM Gem. On the other hand, we established so called CytIPs, which are ion pumps with a
source electrolyte of 100 mM Cytidine (Cyt) at pH 4. Gem is the “bad twin” of Cyt. These two
molecules share the same basic structure, but Gem has two fluorine atoms incorporated in its
furanose backbone at position C2 (Figure 24). Based on this, the protonation behavior of Cyt is
very similar to Gem, accordingly it should be in single positive charged state at pH 4 and have a

comparable electromigration behavior.

NH; NH2
(N Y
HO HO PN
o. N0 o N0
F
OH OH OH F
Cytidine Gemcitabine

Figure 24 Comparison of Cyt (left) and Gem (right).

The two fluorine atoms are highlighted in red, resembling the main functional feature responsible for the toxicity of Gem. Both
images of simple structural formulas are ineligible for copyright and therefore in the public domain, because it consists entirely of
information that is common property and contains no original authorship.

The cells were treated either manually (50 uM Gem or Cyt) or with GemIPs/CytIPs for 7 h at 10
nA, followed by further 72 h of incubation and determination of cell viability (Figure 25). In

parallel, untreated U-87 MG were grown as growth control.
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Figure 25 Evaluation of biocompatibility of OEIP mediated transport.

Cell viability of U-87 MG cells treated with both ion pumps delivering cytidine (CytIP) and Gem (GemlIP) were compared with
manual treatment of both compounds at 50 uM concentration. Values shown as mean + SEM, sample size = 4-9 from at least 2
individual experiments, *** = p-value < 0.0001, one-way ANOVA.

The comparison of cell viability shows that a) neither 50 uM Cyt, nor CytIP treatment does
interfere with cell viability (mean cell viability for 50 uM Cyt = 99 + 14 %, for CytIPs = 102 + 8 %)
and does not differ to growth controls (100 + 6 % cell viability). This shows that this OEIP setup is
biocompatible and does not cause cytotoxic effects per se, neither does the application of the
electric field, nor the electrode material. And b), this experiment showed that OEIP-delivered
Gem still has the cytotoxic potential after the iontronic delivery process and is not
electrochemically oxidized or reduced in an electrode reaction, nor does it react with the IEM
AMPSA and becomes biochemically inactive. In fact, GemIP operation significantly reduced cell
viability to 49+ 7 % (p <0.0001, one-way ANOVA), comparable to 50 uM Gem treatment which
resulted in a mean cell viability of 34 +7 % (p < 0.0001, one-way ANOVA). The effects caused by
GemlP treatment were also visualized microscopically (Figure 26), showing the strong cytostatic

potential of the drug.
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Figure 26 Microscopic images of U-87 MG before and after GemIP treatment.
Images are in comparison to untreated growth controls. Scale bars = 200 um.

Next, we performed GemlIP dosing experiments, in which we treated U-87 MG for different
intervals of time and compared it with manual dosing (ICso curve of Gem in U-87 MG, shown also
in Figure 21 and Figure 27). GemlIPs were installed identically as in the previous experiment and
operated at 10 nA for different time intervals, up to 24 h, on U-87 MG cells (4000 cells/well,
250 uL growth media). In parallel, the same OEIP devices were operated for 24 h at 10 nA, but
the target was not constituted of cells but of 250 pL water. The Gem concentration of the
aqueous targets was measured via MS, and resulted in a mean Gem concentration of 0.2 + 0.3
UM Gem. Based on this concentration after 24 h OEIP operation, the Gem concentration after
different pump time intervals was then calculated and plotted to corresponding cell viability after

72 h. The resulting concentration-dependent cell viability curve shown in Figure 27, red.
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Comparison of drug administration methods
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Figure 27 Dosing comparison of GemIPs vs. manual drug application in U-87 MG cells.
For manual dosing, n= 6 from 2 independent experiments, nor GemlIPs, n=30 from 3 independent experiments, values shown as
mean + SEM.

This indicates that a precise dosing with GemIPs is indeed possible and comparable to manual
dosing. Interestingly, the error bars become larger in proportion with the OEIP operation time,
which is again an indicator for the clogging and therefore, major differences in the delivery rates

and resulting cell viability.

4.7. GemlP treatment of GBM spheroids
Since our long-term goal is the use of GemlIPs for treatment of brain tumors, we tested GemIPs in
a more complex experimental in vitro setup — so called microtumors or spheroids. Tumor
spheroids are formed by cultivating adherent cell lines in ultralow-attachment surface dishes —
therefore, the cells cannot adhere to the surface of the dish, but they assemble in a spheroidal

shaped unit (shown in Figure 28).
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Figure 28 Schematic illustration (left) and microscopic image (right) of a spheroid.

These cell aggregates have an architecture and cellular context that is comparable to a tumor.
The dense spherical structure causes restricted supply of nutrients and oxygen for cells that are
in the very core of the unit (necrotic core). In the middle of the spheroid, cells are also
undersupplied, which is why they go into quiescence do not divide any longer (quiescent zone).
Only the very outer shell of the spheroid can proliferate normally as they are supplied with
sufficient nutrients and oxygen. These described features, such as a hypoxic and necrotic core,
are usually observed in native tumors. Also, intracellular interactions are mimicked in this model
(138-140). Due to its simplicity, low-costs and tumor mimicking qualities, this in vitro tool
becomes more and more established to anticipate clinical efficacy of anti-cancer treatment
procedures (141). We therefore tested the GemlP treatment in U-251 MG spheroids, by

positioning the capillary channel of the OEIP in close vicinity of a spheroid (Figure 29).
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Figure 29 GemlP channel cross section next to a U-251 MG spheroid.
The spheroid was grown in ULA plates from 10,000 cells initially seeded, spheroid formation was performed over 30 h.

GemlPs were operated for 24 h at 10 nA, dismounted and, depending on the further readout,
incubated for another 30 h (followed by flow cytometric analysis) or 96 h (followed by
microscopy). For flow cytometric analysis (Figure 30), we carried out untreated growth controls
and positive controls treated manually with 1 and 10 uM Gem. GemlIPs were installed identical to
previous cell OEIP experiments. In order to detect cell death in spheroids, five spheroids were
pooled for each sample, cells were stained with FITC-labeled annexin V which labels early and
late apoptotic cells. The FITC signal was quantified over 10,000 cell counts and afterwards
stopped. The analysis showed that cell death is generally high, also untreated controls showed
that 50 + 13 % of detected cells are apoptotic (Figure 30, grey). This, however, is not surprising,
considering that spheroids have a necrotic core. Apoptosis was significantly increased in all Gem-
treated samples, leading to 66 = 10 % apoptosis for 1 UM Gem (manually), 66 £ 6 % for 100 uM
(manually) and 75 + 8 % for GemIPs (Figure 30).
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Apoptosis in U-251 MG spheroids
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Figure 30 Flow cytometric analysis of apoptosis induced in U-251 MG spheroids.
10,000 cells/spheroid were initially used, spheroid assembly took 30 h. Treatment was done by GemIPs (24 h at 10 nA) or manual

Gem application (1 and 10 uM) in comparison with untreated growth controls. Spheroids were incubated for 48 h after drug

application. Results are shown as mean + SEM, n=5-9 from three independent experiments, **: p < 0.01; ****: p < 0.0001 (two-

way ANOVA).

This showed that apoptotic cell death is tremendously induced by positioning and operating a

GemlP device in close vicinity of a microtumor. We also observed the spheroid cohesion and

density via microscopy. Therefore, cells were identically treated as in the flow cytometry

experiments, however, they were incubated for further 96 h after treatment (Figure 31).

growth ctrl
ol 9t

Figure 31 Microscopic comparison of U-251 MG spheroids before and after GemIP treatment.
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10,000 cells/spheroid were seeded, after 30 h, the before (t = 0 h) picture was taken, after GemlIP treatment and manual
treatment with Gem (1 uM) for 96 h another picture was acquired. Scale bar = 200 pm.
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First of all, it becomes obvious that under untreated conditions, spheroids win firmness over 96 h
and become denser. However, if treated with Gem (both manually and with GemlP), the cell
interactions are disturbed and the spheroids fall apart. This can also be seen by the halo-like
disintegrated cells around the dark spheroid core. We also observed that handling spheroids
treated with Gem is quite difficult as they fall apart during pipetting processes or mild
centrifugation, which can be normally performed in healthy spheroids without harming them.
Therefore, we showed that GemlPs can significantly and relevantly induce apoptosis in

microtumors to an extent that the cell aggregation is completely destructed.

4.8. Chlorambucil — another potential drug for treatment of GBM
In order to find other chemotherapeutic drugs that can be applied via OEIP mediated drug
delivery, we found chlorambucil (CLB) as potential candidate. Simultaneous to experiments in
chapter 4.5, ICsp curves were measured for CLB in A172, LN-18, U-87 MG and U-251 MG cells
(Figure 32). It becomes clear that CLB has not as potent features as Gem, with I1Csg values in the
micromolar range around 100 uM, however, there is still a therapeutic window comparing the

ICso of CLB in neurons, which is twice as high as in GBM cell lines.
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Figure 32 ICso values of CLB after 72 h treatment in GBM cell lines and neurons.
The values are plotted in comparison to neuronal toxicity caused by CLB, in order to visualize the therapeutic window. All values
shown as mean + SEM, data from at least two independent experiments, n > 6.
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5. Summary and Discussion

Bioelectronic drug delivery via OEIP technology is a new and evolving field. To our knowledge, we
established first iontronic drug delivery platform in Austria at the Gottfried Schatz Research
Center at the Medical University of Graz. In close collaboration with our partners from Linkoping
University (LiU, SE), we successfully established well-equipped OEIP operation set ups. Also, we
laid base for a broad scientific network at the Medical University of Graz to work on this
interdisciplinary project. With the help of all these outstanding and open-minded scientists, it
was possible to take the first ground-breaking steps in the revolution of brain cancer treatment

with bioelectronic drug delivery technologies.

After the operation of OEIPs was established in our lab, we started with the search for
appropriate chemotherapeutics and found the “old-school” compound Gem, which we
considered based on molecular size and chargeability suitable for our purpose. Therefore, in first
experiments the applicability of Gem via OEIPs was tested, and was indeed, successful. Also, the
stability of the compound at acidic pH values over three weeks, and its outstanding cell killing
properties were a motivation to use this drug for further steps. Gem does not only induce cell
death at lowest concentrations in the nanomolar range in most aggressively growing GBM cell
lines (124, 134), it also vehemently stops tumor cell proliferation and growth at concentrations
that do not affect neuronal cell viability. Importantly, the main cellular pathway that cells treated
with Gem undergo is apoptosis, which is absolutely favorable compared to necrosis. Instead,
necrosis is often connected with uncontrolled inflammation. Interestingly, Gem is also much
more potent compared to the gold standard medication TMZ, which is in line with Rieger et al.,
1999 (134). Also, CED-mediated Gem administration to brains of rats (142) and non-human
primates (143), showed that a single Gem dose (up to 15 mM) can be well tolerated without
observation of tissue toxicity over a period of up to 42 days. These reports and our own findings
gave us the motivation to continue the OEIP mediated delivery of Gem via GemlIPs for the
treatment of GBM cell monolayers and GBM microtumors. Also, in the treatment of GBM cells,
Gem delivered via GemIPs was a potent cell killer. Not only killing of GBM cell monolayers, but

outstandingly also of GBM microtumors was successfully performed via GemIP mediated delivery
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of the drug. Considering more the GemlP delivery itself, we showed that a precise dosing via the
applied electric field is indeed possible and, in fact, comparable to manual application of known
drug concentrations. However, we also observed obstacles in the operation of GemlPs. Due to
the structure of Gem, a long term delivery of Gem through the IEM is limited. We assume that
due to m-m-electron interactions between the IEM material polyAMPSA and the electrons of the
aromatic ring in Gem, a build-up of Gem in the IEM occurs. This might be also facilitated by the
more rigid and spacious molecular structure of the cytotoxic compound. What occurs within the
capillary channel exactly could not be addressed, however, we definitely observe an increase in
capillary channel resistance, and a reduction of GemlIP drug delivery performance when devices
are operated multiple times. This problem has to be overcome in the next generations of
GemlPs. Our first approach is to exchange the IEM material to so-called dendrolyte polymers,
established by our cooperation partners from LiU (120, 144, 145). Utilizing the dendrolyte IEM
material could also reduce the amount of co-delivered H* ions, and therefore, reduce OEIP
operation times. Another way to overcome clogging is by adapting the design, shape or
dimensions of the capillary channels. Besides that, this is important for further applications in

more complex animal models.

Currently, we plan to establish an ELectroPHoretic Implant (ELPHI), which has a spherical design
of multiple capillary channels assembled into a soft and biocompatible implant shell in a way that
they span the implant walls (Figure 33). Within ELPHI’s body, the reservoir electrode is
incorporated into the drug reservoir. At the surface of the implant, the counter electrode is

placed.
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Figure 33 Current electrophoretic implant design: ELPHI.

The electric control will be performed via a distant control unit, which is connected to the
implant via subcutaneous wiring (Figure 34). The control unit is placed beneath the collar bone,

similar to a heart-pace-maker, and can be switched on and off by inductive fields.

ElectroPHoretic Implant

[ Lead

Control
unit

Figure 34 Whole body view of the implant ELPHI in the brain.
The implant body is connected with its distantly placed control unit via subcutaneous wires.
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Our final goal is therefore to place the whole ELPHI system (electrophoretic device in the brain,
wires and control unit) after tumor resection into the operation cavity, close the patient and let
an important healing period hold on. After the healing, ELPHI can be operated for certain
windows, and can be combined with TMZ therapy and radiation. We expect, that with an added
dimension of treatment possibilities, the recurrence and progress of GBM can be drastically

diminished and that life expectancy of GBM is higher and qualitatively higher.
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Part Il: Investigation of the Binding Dynamics of the Store
Operated Calcium Entry Channel Blocker Syntaé66 and its

Potential Application in GBM

Kurzzusammenfassung

lonenkanalkomplexe, bestehend aus dem Kalziumkanal Orail und dem Kalziumsensor Stromal
interaction molecule 1 (STIM1), vielversprechende Angriffsziele in der Entwicklung neuer
Medikamente, vor allem zur Behandlung von Entzindungs- und Auto-Immunerkrankungen, auch
aber mit wachsendem Interesse fir die Behandlung von Krebs. In dieser Arbeit untersuchen wir
deshalb den Orail-Hemmer Synta66 auf seine mogliche Rolle in der Therapie von Glioblastomen.
Daflr wurde einerseits die Interaktion von Synta66 in der Orail-Pore, andererseits die Synta66-
verursachten Effekte in Glioblastomzellen untersucht. Unsere Ergebnisse zeigen, dass Synta6b6
eine sehr selektive Bindung in der Orail-Pore eingeht, welche durch Mutationen in der
Bindungsregion abgeschwacht wird. In in vitro Versuchen mit drei Glioblastomzelllinien sieht
man, dass Synta66 das Einstrdmen von Kalzium durch den Orail-STIM1-Kanal komplett hemmt,
diese Hemmung jedoch keinen Effekt auf die Lebensfadhigkeit beziehungsweise das Wachstum
dieser Zellen hat. Auch eine kombinierte Behandlung mit Synta66 und dem Chemotherapeutikum
TMZ war nicht in der Lage, die Zellen sensitiver auf TMZ zu machen. Aufgrund dieser Resultate
betrachten wir Synta66 als prazises Werkzeug zur Untersuchung von Orail-STIM1-mediierten

Signalkaskaden, beurteilen es jedoch als ungeeignet fiir den Einsatz in der Glioblastomtherapie.
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Abstract

Development of new drugs is often based on targeting proteins that play essential roles in cell
signaling processes, such as the store-operated Ca?* (SOC) channel complex constituted from the
Ca%* sensor stromal interaction molecule (STIM1) and the Ca?* channel Orail. This channel
complex is an interesting target for development of drugs to treat auto-immune and
inflammatory diseases, but also for cancer treatment. We therefore investigated the Orail-
inhibitor Synta6b6 on its potential role as an anti-cancer drug. The binding interactions of Synta66
with the Orail pore were investigated from different angles, on one hand the site of binding was
investigated by performing patch clamp recordings and computational analyses, on the other
hand, in vitro experiments observing Synta66 effects in three GBM cells were conducted. We
found that Synta66 selectively binds to Orail in the pore region, which can be diminished by
introducing different mutations in the pore region. Synta66 binding results in effective inhibition
of SOCE, however, does not interfere with cell viability, growth nor does it synergize with TMZ
treatment. Therefore, we suggest Synta66 as highly selective SOCE inhibitor to study effects

downstream of SOCE signaling, however, not as a drug for GBM treatment.
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6. Introduction

6.1. Store Operated Calcium Entry

Store-operated Ca®* channel entry (SOCE) is a ubiquitous cellular mechanism to generate long
lasting calcium signals, of key relevance especially for immune cell function, including T-cell
activation (146-150). SOC channels are specifically localized in endoplasmic reticulum (ER) -
plasma membrane (PM) junctions, formed by the highly Ca?* selective plasma membrane channel
Orai and the Ca?* sensor protein stromal interaction molecule (STIM), located in the ER. Upon ER
store-depletion, these two proteins bind directly to each other to mediate the Ca?* release-
activated Ca’* channel (CRAC) current (151-153). Loss-of-function mutations in either STIM or
Orai result in severe combined immune-deficiency, muscular hypotonia and ectodermal
dysplasia. Instead, gain-of-function mutations are the cause of the multisystemic Stormorken
Syndrome (MIM#185070), cognitive defects, miosis and for tubular aggregate myopathy (TAM)
(MIM#160565) (154, 155).

6.2. Structural Aspects of Orai
Taking a closer look at the Orai channel, it becomes clear that the channel has unique and rather
unusual structure and properties in comparison to other ion channels. While many ion channels
are formed from tetramers, the crystal structure of Drosophila melanogaster Orai (dOrai)
revealed that Orai channels form by arranging six subunits around a central axis, establishing a
homomeric hexamer, shown in Figure 35 (156). Each subunit comprises four transmembrane
(TM) helices (M1-4) which span the membrane. The M1 helices form a funnel-like pore when
they assemble in the hexamer, which has a length of 5.5 nm (156). Through the pore, Ca’* ions
are conducted one after another in a so-called single ion conduction mode (156). Helices M2 and
M3 do not participate in the pore formation. M4 extends into the cytosol (M4 extension helix)
and can stake two conformation states that occur in pairs (one green and one orange state per

pair). Therefore, the Orai hexamer has three-fold symmetry, shown in Figure 35 (156).
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Figure 35 Protein structure of the Orai hexamer.

The Orai hexamer is formed from green and orange subunits shown from the side (left) and top (right) in its closed conformation.
The pore is sectioned into four regions, selectivity filter, hydrophobic and basic region and cytosolic region. PDBID: 4HKR.
Reproduced with permission of the publisher “The American Association for the Advancement of Science” according to license
number 4938210478680.

The Orai channel pore is divided into the selectivity filter, the hydrophobic and basic pore region
and the cytosolic part (Figure 35, left). At the extracellular pore entrance, a ring of glutamates
(position E106 in M1) forms the selectivity filter (Figure 35, right). Due to the selectivity filter and
the hydrophobic pore, the permeability for Ca?* is 1000-fold higher than for Na* (157, 158),
which is another outstanding feature of this ion channel. The glutamate side-chains allow a
transient binding of Ca?* ions and can be either an up- or down-rotamer, which brings flexibility
and therefore, presumably facilitates ion accommodation and permeation (159). It is tempting to
speculate that a Ca’* bound to the down-rotamer is pushing into the hydrophobic pore when a
second Ca?* binds to glutamate residues in the up-rotamer. The hydrophobic part of the pore is
found more central and is the narrowest section of the pore. Three subsequent pore-lining
hydrophobic residues of M1 are expected to largely diminish even permeation of single water

molecules in the closed channel configuration (160, 161), shown in Figure 36.
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Figure 36 Hydration profile of the Orai pore.

On the left the Orai pore is shown with Synta66 in its binding pocket close to the selectivity filter. Blue sticks resemble water
molecules, green and yellow spheres resemble chloride and calcium ions, respectively. To the right the pore hydration profile
across the pore is shown.

Reproduced from (162). All co-authors have agreed to the inclusion of their published data in the dissertation. The reproduction
of illustrations and figures from own or third-party publications is granted according to Creative Commons CC BY 4.0 license.

Consequently, Ca%* ions would not be able to pass this hydrophobic pore segment in the
crystallized closed dOrai conformation. Therefore, to enable Ca%* gating, the TM helices move
outward and widen in the hydrophobic region by ~ 2 A. This widening can also be imitated by
introducing a mutation at position H134 (H134A mutation) in the mid-section of the pore (161),
shown in Figure 37 . This is sufficient to induce Ca?* permeation with the low conductivity of Orai
channels below 1 pS (163). Electrostatic repulsion of monovalent ions by Ca’* in the pore is

expected to increase the selectivity even further. Only in divalent-free conditions (DVF), Orai
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channels conduct monovalent ions (163). Physiologically, Orai gating is mediated via direct

binding to STIM1/2 that induces a small extension of the Orai channel (159, 161).
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Figure 37 Hydration profile of the Orail-H134A-pore.

On the left the Orai pore is shown with Synta66 in its binding pocket close to the selectivity filter. Blue sticks resemble water
molecules, green and yellow spheres resemble chloride and calcium ions, respectively. To the right the widened pore is shown,
having increased pore hydration, especially in the hydrophobic region.

Reproduced from (162). All co-authors have agreed to the inclusion of their published data in the dissertation. The reproduction
of illustrations and figures from own or third-party publications is granted according to Creative Commons CC BY 4.0 license.

In order to find the amino acids that play a key role in Orai Ca?* selectivity, different mutations
have been introduced into the channel and channel characteristics were observed (summarized
by Krizova et al. (164)). For my project, studying the interaction of Synta66 with Orail, the
mutations E106D and H134A were observed in more detail, shown in Figure 37. Mutation of the
selectivity filter E106 to aspartic acid (E106D) has been shown to reduce Ca?* selectivity and
enhance pore diameter (165-167). Mutation of H134A (in M2, see Figure 37) results in a highly
Ca?* selective channel, with a pore showing similar properties to a STIM-activated channel (161,

168).
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6.3. Structural Aspects of STIM
STIM1 is a finely tuned sensor that responses to calcium levels in the range of 100-400 uM (169,
170) in restricted ER-PM junctions (171, 172). In resting cell conditions, STIM1 reveals a dynamic
constitutive movement along microtubules, whereas store-depletion results in redistribution of
STIM1 into cluster/puncta at ER-PM junctions (173, 174). STIM2 responds already to small
changes in ER Ca?* which makes it an ideal trigger for low agonist stimuli (175, 176). Both STIM1
and its close homolog STIM2 are single-pass transmembrane proteins with their N-terminus
residing in the ER lumen and their larger C-terminal part within the cytosol. STIM1 and STIM?2
share two important functions, i) sensing ER Ca®* levels and ii) binding and activating Orai
channels to generate Ca?* signals. Their ER luminal part, which functions as a Ca’* sensor of
intraluminal [Ca?*]er, contains a Ca®* sensing canonical (c) EF hand, a stabilizing non-canonical (n)
EF hand and a sterile a-motif (SAM) domain followed by a single a-helical transmembrane (TM)
domain (177-183). Upon decrease of ER Ca?* levels, the bound Ca?* ion dissociates from the cEF
hand which, together with a far N-terminal STIM1 sequence, destabilizes the EF hand-SAM
complex (179, 184-187). This triggers a STIM1 di/oligomerization mechanism which is transduced
to the C-terminal site via a long coiled-coil 1 (CC1) helix. Biochemical experiments suggest that
the di/oligomerization is mediated via a zipper mechanism (188, 189). This zipping mechanism
then leads to the release of a larger cytosolic binding pocket, named SOAR (STIM-Orai activating
region) or CAD (CRAC activation domain) for coupling to and activation of Orai channels (180-

182).

6.4. The role of SOCE inhibition in brain cancer treatment
Interference with calcium signaling has been shown to have great potential in drug development,
especially for treatment of immune and inflammatory diseases. FDA approved therapies that
interfere with calcium signaling are foremost regulators of immune responses (e.g. T-cell
activation modulators cyclosporine A and FK506 (190)). Aside from immunosuppressors,
development of anti-cancer agents targeting SOCE channels emerged within the last years.
Especially for hard-to-treat cancers there is a permanent search for new cellular targets that

could be an alternative to standardized chemotherapeutic cytostatics and methylating agents.
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Interference with different channels, including STIM/Orai has been shown to restrict cancer cell

progression (reviewed in (191, 192)).

Of course, the potential of SOCE inhibitors as treatment for GBM, which is currently
unsuccessfully treated, has been considered and researched (192, 193). Generally, SOCE in the
brain is regulated in astrocytes via by STIM1 and Orail, triggering the vesicular release of cellular
transmitters such as ATP (194). There is evidence that knockdown of STIM1/Orail via siRNA
diminishes cell growth (195, 196), migration (197) and invasion (198), and can induce cell cycle
arrest (199). These studies put forth the idea of utilizing SOCE blockers as GBM treatment
alternative, which has indeed been studied in different GBM cell lines using the blockers
diethylstilbestrol (DES), SKF-96365 and 2-aminoethoxydiphenyl borate (2-APB). All of them
efficiently hindered SOCE, which resulted in reduction of migratory potential and induction of

apoptosis in GBM cell lines (195, 196, 198, 200).

However, the impact of SOCE inhibitors can vary quite severely among GBM cell lines (195, 196,
200). This could be owed to the high genetic instability observed in GBM and consequently,
differences in expression of STIM1/2 and Orail/2/3. Due to the fact that some SOCE inhibitors act
differently on ion channel isoforms, the expression pattern could strongly influence the outcome
of the SOCE inhibition. Additionally, SKF-96365 and 2-APB have been shown to inhibit other ion
channels as well (201). Therefore, we need to address the elephant in the room, which is to
clarify whether the anti-cancer effects result specifically from SOCE inhibition or are a

conglomerate of cellular effects due to alterations in the cell machinery.

7. Aims and Objectives

In this study, we investigated the SOCE blocker Synta66 (shown in Figure 38) in three different
GBM cell lines A172, LN-18 and U-87 MG. We observed the potential of Synta66 mediated SOCE
inhibition and investigated the influence on cell viability and growth in these GBM cell lines.
Additionally, Synta66 was structurally compared with another SOCE blocker that is currently used

in clinical trials and evaluated whether Synta66 can synergize TMZ treatment.
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Figure 38 Molecular structure of Synta66, PubChem CID 11337104.
This image of a simple structural formula is ineligible for copyright and therefore in the public domain, because it consists entirely
of information that is common property and contains no original authorship.

To bring our observations into a broader context and to elucidate the binding events between
Synta66 and the Orail pore, we observed the inhibitory action of Synta66 in different Orail pore
geometries via patch-clamp experiments in cooperation with colleagues from Johannes Kepler
University Linz. Furthermore, in cooperation with the Academy of Sciences of the Czech Republic
in Nove Hrady, computational docking experiments, molecular dynamics simulations and
hydration profiles of different Orai pores were generated. Additionally, measurement of Forster
Resonance Energy Transfer (FRET) was performed at Johannes Kepler University Linz to observe
whether Synta66 interferes with Orai-Orai and STIM-Orai coupling. The results are summarized

and published in Waldherr et al. 2020 Cancers (162).

8. Materials and Methods

Methods are also described in Waldherr et al. 2020 Cancers (162).

8.1. Cell culture
Cultivation of U-87 MG cells is described in chapter 3.4. A172 (Medical University of Graz cell
culture core facility) were cultivated in Dulbecco's Modified Eagle's Medium (DMEM)

supplemented with 10 % FBS. LN-18 cells (ATCC, USA) were cultivated in DMEM supplemented
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with 5 % FBS. All cell lines were cultured for a maximum of ten passages following the recovery of

frozen cells. All media and supplements were obtained from Thermo Fisher Scientific, USA.

8.2. Compounds
Temozolomide (Merck Millipore, USA) was stored as powder at 4 °C and dissolved in
corresponding media immediately before use. Synta66 (Merck Millipore, USA) was stored as a 50
mM stock solution in DMSO at -80°C until use. For use of Synta66 in cell experiments, stocks

were dissolved to a maximum DMSO concentration of 0.1 %.

8.3. Calcium Imaging
80 % confluent cells on glass cover slips were loaded with 1 uM FURA-2-AM (Sigma-Aldrich, USA)
in Calcium-free Tyrode buffer for 40 min at room temperature/dark, followed by washing with
calcium free tyrode buffer + 10 uM Synta66 for 10 min at RT/dark. During the recordings
(Olympus IX71) using Live Acquisition v2.6 software (FEI, Planegg, Germany), cells were excited
alternately using 340/26 and 380/11 nm filters (Semrock, Rochester, NY, USA) in an Oligochrome
excitation system (FEl), and fluorescent images were captured using 510/84-nm emission filter
(Semrock) with an ORCA-03G digital CCD camera (Hamamatsu, Herrsching am Ammersee,
Germany). The 340/380 ratio was used as an index of cytosolic Ca?* levels. In time-course
experiments, fluorescent cells were recorded initially in a calcium-free tyrode solution followed
by addition of 30 uM BHQ. Subsequently, fluorescent cells were recorded in a 2 mM calcium
tyrode solution with 30 uM BHQ. Analogous experiments were recorded in the presence of

10 pM Synta66.

Calcium free Tyrode buffer consisted of (in mM) 0.1 EDTA, 138 NaCl, 1 MgCl,, 5 KCI, 10 Hepes, 10
Glucose, pH 7.4. 2 mM Calcium Tyrode buffer consisted of (in mM) 2 CaCl,, 138 NaCl, 1 MgCly, 5
KCI, 10 Hepes, 10 Glucose, pH 7.4.

2 mM Calcium Tyrode buffer consisted of (in mM) 2 CaCl,, 138 NaCl, 1 MgCl,, 5 KCl, 10 Hepes, 10
Glucose, pH 7.4. 2 mM Calcium Tyrode buffer consisted of (in mM) 2 CaCl,, 138 NaCl, 1 MgCly, 5
KCI, 10 Hepes, 10 Glucose, pH 7.4.
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8.4. Western Blotting
Harvesting of cells and preparation of lysates was performed on ice. Cells (80 % confluent 10 cm
dishes) were harvested in ice-cold PBS with a cell scraper, pelleted by centrifugation (500 rpm,
4 °C, 6 min) and washed 2x with PBS before lysis in 700 uL of ice-cold lysis buffer (0.5% Nonidet
P-40, 20 mM Tris-HCl, 100 mM NaCl, 2 mM EDTA, 10% glycerol) for 30 min on ice with pipetting.
Lysed cells were then centrifuged for 10 min, 4°C, 14,000 rom and the protein content of the
supernatant was estimated via BCA Assay (Thermo Fisher Scientific, USA). For Orail western
blotting, lysates (20 ug) were de-glycosylated using a PNGase F kit (New England Biolabs, USA),
according to the manufacturer’s protocol. For STIM1 western blots, lysates remained
glycosylated. Afterwards, (de)glycosylated lysates were separated by SDS-PAGE, transferred to a
nitrocellulose membrane, which was blocked with 5% BSA in TBS-T for 1h. The primary
antibodies were diluted in corresponding blocking buffer (Orail from Sigma-Aldrich, USA at
1:2000 dilution, vinculin from Sigma-Aldrich, USA at 1:5000 dilution, STIM1 from Abcam, USA at
1:1000 dilution, GAPDH from Abcam, USA at 1:1000 dilution) and the membranes were
incubated over night at 4°C. Visualization was performed by incubating with horse radish
peroxidase-conjugated secondary antibodies and enhanced chemilumiscent reaction (GE
Healthcare Amersham, USA) on a ChemiDoc MP Imaging System (BioRad, USA). Band intensities

were analyzed using Imagel.

8.5. Cell viability (MTS Assay)
Cell viability was observed in seeded in 96-well plates with 4000 cells/well. Cells were treated
with 1 uM and 10 uM Synta66 (0.1% DMSO in each) and cell viability was measured via MTS
assay (CellTiter 96 AQueous One Solution Cell Proliferation Assay, Promega, Germany) after 24,

48 and 72 h on via absorption at 490 nm (CLARIOstar, BMG Labtech, Germany).

8.6. Cell growth (Hoechst Assay)
Cells were seeded in flat-bottomed black-walled 96-well plates (Corning, USA) at a density of

8000 cells/well in 200 pL media. After attachment, cells were treated with 1 or 10 uM Synta66
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(0.1% DMSOQ). Number of nuclei was determined with Hoechst stain as described in chapter 3.7
after 0, 24, 48 and 72 h at 350nm/455nm (CLARIOstar, BMG Labtech).

8.7.1Cs with Synta66 and TMZ
Protocol described in detail in chapter 3.5. Briefly, U-87 MG and A172 cells were seeded at a
density of 4000 cells/well, and LN-18 cells at a density of 2000 cells/well. After settling, cells were
treated for 72 h with a range of freshly prepared TMZ solutions (TMZ concentrations [uM]: O, 50,
100, 500, 1000, 2000, 5000, 7000, 10000, 12500, 15000, 20000) + 10 uM Synta66. 0
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9. Results

The here presented results have been published in Waldherr et al., Cancers, 2020 (162).

9.1. Western Blotting for Orail and STIMI
Due to the fact that inhibition of STIM1 and Orail signaling were the proteins of interest in our
further studies, we verified the expression of both proteins in cell lines U-87 MG, A172 and LN-18
by performing western blot analysis of deglycosylated cell lysates (for Orail, to achieve clear
bands as in (202)) and normal lysates for STIM1 (Figure 39A, B). In LN-18, Orail expression is the
highest, followed by A172 and U-87 MG (Figure 39A). STIM1 expression is highest in A172,
followed by LN-18 and U-87 MG (Figure 39B).
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Figure 39 Western Blot for Orail (A) and STIM1 (B)
Loading controls are vinculin and GAPDH, respectively. At the bottom, relative intensities, normalized to the first band, are shown.
Reproduced from (162). All co-authors have agreed to the inclusion of their published data in the dissertation. The reproduction

of illustrations and figures has been granted from the publisher “MDPI Cancers” according to Creative Commons CC BY 4.0
license.
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9.1. Calcium Recordings in GBM cell lines with Syntaé66
Subsequently, we evaluated the inhibitory potential of Synta66 on SOCE in the mentioned three
cell lines. Therefore, we determined relative SOCE by performing ratiometric Ca?* imaging in
Fura-2 AM loaded GBM cells (Figure 40C-F). To start off, cells were observed a Ca’*-free Tyrode
buffer, with subsequent depletion of the ER by inhibition of Sarcoplasmic/endoplasmic reticulum
calcium ATPase (SERCA) pumps with benzohydroquinone (BHQ, 30 uM). This resulted in
transiently increased cytosolic [Ca%*]. Consequently, Tyrode buffer containing 2 mM Ca®* was
added and SOCE was activated and measured (Figure 40, black traces). The identical procedure
was performed with cells that were incubated with 1 and 10 uM Synta66 for 10 min before

measurement and in the presence of Synta66 during the whole measurement (Figure 40, blue

traces).
A172 U-87 MG LN-18
oca’t 2 mM Ca?* 0 Ca?* 2 mM Ca?* . 0 Ca®* L 2mMcatt |
O 3 30 UM BHQ 3 30 uM BHQ - 30 uM BHQ
O
3
c 8 2 8
21 2 2
> 3 3 S
v 3 3 &
s 2 2 £
T ] I3
e 11 1 v 1
=1
o
0 a T T T T 0 T v T v
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
Time [s] Time [s] Time [s]
A172 U-87 MG LN-18
0 Ca?* 2 mM Ga?* oca® 2 mM ca?* . 0ca® L ZmMca*
3 30 uM BHQ , 3 0 30 uM BHQ 3 30 uM BHQ
3 o
2 2 8 21 g 2
g 3 g
2 2 2
= 1 & 1 & 11
0 0 : : : : 0 : T . :
0 200 400 60D 8OO 0 200 400 600 800 0 200 400 600 800
Time [s] Time [s] Time [s]

@R control 0 Synta66

Figure 40 Cytosolic Ca2* measurements in GBM cell lines with Synta66.

Representative traces of cells that were loaded with FURA-2 AM and monitored initially in a Ca?* free extracellular solution
followed by application of 30 uM BHQ and addition of 2 mM Ca?* to monitor SOCE (black). Analogous experiments with pre-
treatment of Synta66 (blue, 10 uM top, 1 uM bottom) immediately before the start of the experiment was used.
Reproduced from (162). All co-authors have agreed to the inclusion of their published data in the dissertation. The reproduction
of illustrations and figures has been granted from the publisher “MDPI Cancers” according to Creative Commons CC BY 4.0
license.
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In the statistics on the relative SOCE (Figure 41), a potent inhibition of SOCE was also determined
in A172 cells (no detectable SOCE), LN-18 cells (no detectable SOCE), as well as U-87 MG
(7.0+£0.6 % remaining SOCE peak, Figure 41). Treatment with 1uM Synta66, could also
efficiently inhibit SOCE in GBM cell lines (Figure 41; remaining SOCE in A172 at 2.8 £ 0.3 %, in LN-
18 cells 6.2+ 0.4 % and in U-87 MG cells 14.8 + 0.6 %). These findings clearly highlight that
Synta66 is a robust inhibitor of SOC signaling in the three GBM cell lines A172, U-87 MG and LN-

18.
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Figure 41 Statistical analysis of relative calcium entry in GBM cell lines treated with Synta66.

Reproduced from (162). All co-authors have agreed to the inclusion of their published data in the dissertation. The reproduction
of illustrations and figures has been granted from the publisher “MDPI Cancers” according to Creative Commons CC BY 4.0
license.

In collaboration with Dr. Tiffner, we determined that Orail mediated Ca%* currents are efficiently
inhibited by 1 and 10 uM Synta66 (162). Remarkable, analogous experiments but with a non-

selective Orail-E106D pore mutant completely diminished the Synta66 mediated inhibition (162).
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9.2. Syntaé6 partially enhances growth in LN-18 and U-87 MG cells
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Figure 42 Effect of Synta66 on growth of GBM cell lines.

1 and 10 uM Synta66 are light and dark blue, respectively. (A) LN-18, (B) A172 and (C) U-87 MG was examined via Hoechst
staining of nuclei. Signal was normalized to control signal at t=0 h, results shown as mean + SEM, n=6 from two independent
experiments; two-sided t-test, *: p-value < 0.05.

Reproduced from (162). All co-authors have agreed to the inclusion of their published data in the dissertation. The reproduction
of illustrations and figures has been granted from the publisher “MDPI Cancers” according to Creative Commons CC BY 4.0
license.

Previous experiments using pharmacological interference of SOCE have determined significant
impairment of proliferation in various GBM cell lines, GBM1, GBM8 and U-251 MG (195, 198).
We evaluated cell growth in A172, LN-18 and U-87 MG cell lines upon treatment with Synta66
(Figure 42) by quantification of Hoechst-stained nuclei in cultured cells at 24, 48 and 72 h after
treatment. All three GBM cell lines treated with 1 uM Synta66 were comparable to vehicle-
treated growth controls (0.1 % DMSO, Figure 42). Treatment with 10 uM Synta66, however,
resulted in higher cell growth levels in LN-18 and U-87 MG cells at 48 h and 72 h (Figure 42B, C),
though the differences were statistically significant only in LN-18 at 48 h (*: p < 0.05, two-sided t-

test). A172 cells did not exhibit any noticeable differences (Figure 42A).

9.3. Syntab6 slightly synergizes TMZ treatment in U-87 MG cells
Consequently, we determined the viability of the cells that were treated with 1 or 10 uM Synta66
for 24, 48 and 72 h. We observed that these Synta66 concentrations did not change cell viability

drastically in any of the three cell lines (Figure 43).
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Figure 43 Cell viability of GBM cell lines treated with Synta66.

A172, LN-18 and U-87 MG were treated with 1 and 10 uM Synta66 for 72 h. Results are shown as mean + SEM, n=6 from two
independent experiments.

Reproduced from (162). All co-authors have agreed to the inclusion of their published data in the dissertation. The reproduction
of illustrations and figures has been granted from the publisher “MDPI Cancers” according to Creative Commons CC BY 4.0
license.

Interestingly, the combination of Synta66 with TMZ showed that 10 uM Synta66 treatment
increased the TMZ-sensitivity of U-87 MG cells at a statistically significant level (Figure 44A, 1Cso
TMZ alone =3.7mM, TMZ + 10 M Synta66 = 1.4 mM, two-sided t-test, *:p <0.05). In A172,
increased TMZ sensitivity mediated by Syntab6 was not significant (Figure 44B, 1Cso TMZ
alone =4.4mM, TMZ + 10uM Synta66 = 2.9 mM, two-sided t-test). In LN-18 cells, synergistic

effects due to combinatory treatment of Synta66 with TMZ were not observed (Figure 44C).
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Figure 44 Cell viability after treatment with TMZ + 10 uM Synta66.

Different TMZ concentration + 10 uM Synta66 was observed in GBM cell lines after 72 h treatment via MTS assay. Cells were
treated with fresh solutions of TMZ, in order to keep the DMSO concentration <0.1 %. Results shown as mean + SEM, n=6 from
two independent experiments, *: p-value < 0.05.

Reproduced from (162). All co-authors have agreed to the inclusion of their published data in the dissertation. The reproduction
of illustrations and figures has been granted from the publisher “MDPI Cancers” according to Creative Commons CC BY 4.0
license.

9.4. Theoretical comparison of Synta66 with compound CM-4620
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Figure 45 The two SOCE blockers Synta66 (left) and CM-4620 (right, PubChem CID 122507647).
Both images of simple structural formulas are ineligible for copyright and therefore in the public domain, because it consists
entirely of information that is common property and contains no original authorship.

We also compared Synta66 (Figure 45, left) binding to Orail channel to SOC inhibitors with

structural similarities. CM-4620 (Figure 45, right) is structurally related to Synta66 and currently
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used in Clinical phase Il trials for the treatment of pneumonia in COVID-19 patients and acute
pancreatitis (42, 43). Considering the differences of the functional groups of both compounds,
the specificity and binding affinity can be altered. Synta66 is based on a 3-fluoroisonicotinamide
(Figure 45, blue), in which the nitrogen can function as a proton acceptor and has a lipophilic bi-
aryl moiety (Figure 45, green). In comparison, CM-4620 is based on a 2-fluoro-6-methyl
benzamide (Figure 45, orange) and carries no proton acceptor capabilities deriving from its
benzamide ring structure. Attached to the basic structure is a pyrazine group (Figure 45, yellow,
N as electron donor or acceptor), followed by a difluorobenzol[d][1,3]dioxole (Figure 45, pink),
which adds lipophilic character to the molecule. The affinity of these ligands to the Orai pore may
be comparable due to the general similarities of the basic structure. At the same time it is
feasible that the introduction of functional groups, such as an dioxole moiety in CM-4620,

promotes binding of the compounds to different regions of the Orai channel complex.

0. Discussion

It has been previously shown that targeting the SOCE signaling cascade in cancer has potential to
interfere with tumor growth and progression. Genetic silencing of the STIM1/Orail proteins via
SiRNA interference have yielded promising reductions in tumor progression and metastasis in
xenograft models of breast, cervical and prostate cancer cells (203, 204). In addition, siRNA
interference against Orai3 largely suppressed prostate cancer tumor progression in nude mice
(205). These and other findings have stimulated the research targeting SOCE inhibition in GBM
cells. Favorable effects such as inhibition of growth, migration and proliferation of tumor cells
caused by SOCE inhibitors DES, SKF-96365 and 2APB have been already shown in GBM in vitro
(195, 196, 198, 200). Nevertheless, the specificity of these inhibitors was a question of interest
since, for example, 2APB inhibits Orail-mediated currents but instead stimulates Orai3 currents
(206). Our experiments showed that Synta66 efficiently inhibited SOCE in three GBM cell lines,
A172, LN-18 and U-87 MG. This blockage, however, did not result in any change in cell viability, in
contrast to the previous studies that used less-specific inhibitors 2APB, DES and SKF-96365 or

gene silencing for inhibition of SOCE in GBM cell lines (195-200). Another explanation for the
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effects observed in these studies could be that the reported effects were not directly related to
the disturbance of SOCE in these cells, but rather through disruption of other signaling

mechanisms.

The inhibition of Orai channels by SOC inhibitors such as Synta66, BTP2 and GSK-7975A strongly
depends on the Orai isoform (207). Recently, Zhang et al. showed that in Orail 10 uM Synta66
indeed inhibit SOCE currents, but the same concentration of Synta66 stimulates Orai2 currents
and does not affect Orai3 currents (207). The Synta66 block was also reduced in concatenated
Orai dimers (207), which indicates that the SOC channels in the observed GBM cell lines U-87
MG, A172 and LN-18 are mainly constituted of Orail isoform. Consequently, different
constitution of Orai channels in physiological conditions and different GBM cell lines may lead to

different observations of SOCE inhibition mediated by Synta66 in GBM.

We summarize that in our experiments Synta66 interacts with high selectivity with the Orail pore
and thus efficiently blocks SOCE in GBM cells. By performing patch clamp experiments, we
proved that STIM1/Orail currents are completely inhibited by Synta66. Instead, Orai pore
mutants with less Ca?* selectivity (Orail E106D and H134A) also showed diminished sensitivity to
Synta66 inhibition (162). We observed in FRET experiments that the inhibitory effect of Synta66
does not rely interfere with STIM1-STIM1 or STIM1-Orail coupling (162). In cell viability tests, we
could neither observe significant reduction of GBM cell viability over 72 h among Synta66
treatment, nor interference with GBM growth. Also, Synta66 did only partially increase sensitivity
of GBM cell lines to TMZ. Due to its high specificity to the Orail pore we consider Synta66 a

useful and precise tool to evaluate the influence of Orail channels in cancer signaling pathways.
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