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Vilhelm Magnus demonstrating operative technique for colleagues. 

From Fodstad et al. J. Neurosurgery (1990)  

 

 

 

 

 

 

"As soon as the diagnosis of a brain tumor is established one has to consider if the tumor is operable. 

(…) Should the tumor turn out to be a glioma then a palliative craniectomy is sufficient since even if one 

removes such a tumor with the resection in apparently healthy brain tissue the tumor will soon relapse. 

I completely leave out of account medical treatment of brain tumors which I consider of no use" 

Vilhelm Magnus (1871-1929) 

Father of Norwegian Neurosurgery 
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“If it were not for the great variability among individuals,  

medicine might as well be science and not an art” 

Sir William Osler (1849-1919) 

Father of Modern Medicine 
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Thesis summary in English 

Glioblastoma (GBM) is currently an incurable brain cancer. A major challenge for therapeutic progress 

is the complex tumor heterogeneity. For more individualized treatments, tailored therapies based on 

tumor genetics has so far been the most investigated approach. However, GBM effectively illustrates 

the challenge of precision oncology, as molecularly targeted therapies have not resulted in improved 

survival. In fact, the standard-of-care has not changed in 15 years. Consequently, GBM is a rapidly fatal 

disease with a median survival <1 year. A reason for treatment failure is the subpopulation of tumor 

stem cells (TSCs) presumed to be a disease reservoir responsible for therapeutic resistance. These 

TSCs can be cultured from surgical biopsies and be maintained in the laboratory – thus representing a 

living model of the parental tumor ex vivo.  

To address tumor heterogeneity and identify TSC-specific therapy, we focused on functional 

profiling by drug sensitivity and resistance testing (DSRT) of patient-derived TSC cultures. Using 

automated technology, over 460 anticancer drugs were tested and drug responses quantified by drug 

sensitivity scoring. From biopsies of 20 patients, the individual TSCs demonstrated a heterogeneous 

biology in vitro and in their induced phenotype in vivo – reflecting patient individuality. The DSRT 

revealed an extensive intertumoral heterogeneity in drug sensitivity patterns between the cultures. 

This was observed in overall sensitivity to the drug collection, in sensitivity to different drug classes 

and in sensitivity to single drugs. The results of the DSRT grouped GBMs into functional taxonomies 

based on drug sensitivity patterns and could also identify effective drugs for individual patients.  

We further aimed to implement the automated DSRT platform into a clinical translational 

protocol for identification of therapeutic options targeting patient-derived TSCs in GBM and other 

brain tumors. The preclinical work up of culture establishment, TSC expansion, DSRT and data analysis 

was feasible within a clinical acceptable time frame to allow patient treatment, which was 

demonstrated in a patient that suffered recurrence of an atypical meningioma.  

To explore a therapeutic opportunity in patients where TSC expansion is insufficient for DSRT, 

we also evaluated the efficacy of a nine-drug combination of well-known drugs primarily used in non-

oncological diseases. This combination induced an effect in a proportion of evaluated cultures that 

suggests a potential anti-GBM effect.  

This thesis describes an extensive intertumoral heterogeneity in drug sensitivity patterns in 

GBM. Our results demonstrate how unbiased DSRT of patient-derived TSCs can identify novel 

therapeutic options within a clinical applicable time frame for individualized functional precision 

medicine. This thesis forms the basis for a phase I/II clinical trial targeting autologous TSCs in GBM 

using the DSRT-platform. For patients whose TSC expansion is inadequate for DSRT, a combination of 

well-known drugs can be tested in a formal trial.   
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Thesis summary in Norwegian 

Glioblastom (GBM) den vanligste og mest aggressive formen av de primære maligne hjernesvulstene, 

og vi har fortsatt ingen kurativ behandling å tilby pasienten. GBM er vanskelig å behandle grunnet en 

kompleks tumorheterogenitet – både mellom pasienter og innad i hver enkelt svulst. Den unike 

biologien i hver svulst gjør at nye behandlingsmetoder må utvikles spesifikt for hver pasient. Over de 

siste to tiårene har fremskritt innen sekvenseringsteknologi av svulsters genmateriale økt mulighetene 

for mer individualisert behandling. Legemiddelbehandling med moderne kreftmedisiner kan i økende 

grad tilpasses en spesifikk mutasjon i svulsten – innen onkologien omtalt som presisjonsmedisin. For 

GBM har imidlertid ikke målrettet behandling rettet mot spesifikke genmutasjoner resultert i økt 

pasientoverlevelse til nå. Standardbehandlingen for GBM, som består av kirurgi, ioniserende stråling 

og behandling med cellegiften temozolomide, har faktisk ikke endret seg på 15 år. GBM er derfor 

fortsatt en av de raskest dødelige kreftsykdommene med en median overlevelse på under ett år. En 

årsak til behandlingssvikten er forekomst av kreftstamceller i svulsten som er resistente mot standard-

behandlingen, hvilket påvirker gjenveksten av svulsten i uheldig retning. Fra vevsprøver tatt ved 

kirurgisk reseksjon av tumor kan disse kreftstamcellene kultiveres og holdes i live ex vivo. Slike person-

spesifikke kreftstamcellekulturer representerer en forenklet, men levende modell av modersvulsten 

som kan utnyttes til å skreddersy behandlingen for den enkelte pasient.  

 For å utvikle individualisert behandling rettet mot GBM-pasienters egne kreftstamceller har 

dette doktorgradsarbeidet fokusert på analyser av legemiddelfølsomhet i kreftstamcellekulturer fra 

enkeltpasienter. Av vevsprøver fra 20 pasienter dyrket og ekspanderte vi kreftstamcellekulturer i 

laboratoriet. De enkelte cellekulturene ble deretter undersøkt for sensitivitet for og resistens mot over 

460 forskjellige kreftlegemidler ved bruk av automatisert teknologi for legemiddelscreening. Dose-

respons-kurven for et legemiddel ble beregnet ved bruk av automatisert modellering, og legemiddel-

effekten ble kvantifisert ved bruk av en automatisert beregningsalgoritme. For å avdekke pasient-

spesifikke legemiddeleffekter sammenlignet vi videre responser i de enkelte cellekulturer med 

etablerte referansedatabaser. 

 I samsvar med den etablerte heterogeniteten mellom GBM-pasienter utviste de ulike 

kreftstamcellekulturene en heterogen biologi med individuelle forskjeller i kulturmorfologi, 

differensieringskapasitet og veksthastighet in vitro, samt variert tumorfenotype og veksthastighet in 

vivo. Legemiddelscreeningen avdekket svært varierte sensitivitetsprofiler mot kreftlegemidler mellom 

cellekulturene. Denne heterogeniteten var fremtredende på ulike nivåer; fra den generelle 

følsomheten til hele legemiddelsamlingen, i følsomheten til ulike klasser og kategorier av legemidler, 

og til følsomheten mot enkeltlegemidler. Videre kunne resultatene fra legemiddelscreeningen 
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gruppere svulstene i funksjonelle subgrupper, samtidig som den identifiserte effektive legemidler for 

den enkelte pasient.   

 Etter å ha avdekket en betydelig variasjon i legemiddelfølsomhet mellom kreftstamcelle-

kulturene fra GBM-pasienter, undersøkte vi videre om legemiddelscreeningen kunne utnyttes for 

identifikasjon av behandlingsalternativer til enkeltpasienter. Pasienter som får residiv av GBM har i 

dag ingen behandlingsalternativer som er vist å forlenge overlevelsen. For en minoritet som re-

opereres er median tid til videre tumorvekst kun 2-3 måneder. Innenfor en slik tidsramme undersøkte 

vi muligheten for å etablere en ny behandlingsprotokoll som benytter seg av individuelle cellekulturer 

og automatisert legemiddelscreening for spesifikk terapi rettet mot pasientspesifikke kreftstamceller. 

Fra 10 pasienter operert for residiv av GBM klarte vi å etablere og ekspandere individuelle 

kreftstamcellekulturer, utføre legemiddelscreeningen og identifisere behandlingsalternativer for 

spesifikk terapi i halvparten av tilfellene. Tilsvarende som ved nydiagnostisert GBM avdekket 

legemiddelscreeningen av kreftstamcellekulturer fra residiv-GBM en betydelig heterogenitet i 

sensitivitet for ulike kreftlegemidler mellom cellekulturene. Det indikerer at det er vanskelig å finne en 

ny legemiddelbehandling mot GBM som vil virke for mange pasienter i en heterogen pasient-

populasjon. Overføringsverdien og gjennomførbarheten av den eksperimentelle behandlings-

protokollen ble videre undersøkt i en gruppe pasienter med en annen form for primær malign 

hjernesvulst, malignt meningeom. Der fikk også én pasient med residiv av et behandlingsresistent 

malignt meningeom utprøvende behandling med spesifikk terapi mot egne kreftstamceller basert på 

vår modell for legemiddelscreening. 

  I en liten andel av pasienter med GBM klarer man ikke å etablere kreftstamcellekulturer for 

legemiddelscreening. De vil dermed ikke være kandidater for spesifikk terapi mot egne kreftstamceller 

etter vår modell. For å vurdere en eksperimentell behandling for denne pasientgruppen undersøkte vi 

effekten av en kombinasjonsbehandling bestående av ni velkjente legemidler som brukes i behandling 

av sykdommer utenfor det onkologiske fagfeltet. Denne kombinasjon sammen med temozolomide i 

lavdose er teoretisk antatt å kunne blokkere mange signalveier i tumor hos GBM-pasienter samtidig. 

Vi fant at denne kombinasjonen ga en effekt i halvparten av de evaluerte cellekulturene.  

 Dette doktorgradsarbeidet beskriver en betydelig heterogenitet i legemiddelfølsomhet 

mellom pasientspesifikke kreftstamcellekulturer fra glioblastomer. Arbeidet viser videre hvordan 

legemiddelscreening av pasientspesifikke kreftstamceller kan identifisere nye behandlingsmuligheter 

for enkeltpasienter. Etablering av cellekulturer og legemiddeltesting er gjennomførbart innenfor en 

klinisk relevant tidsramme. Dette arbeidet danner grunnlaget for en fase I/II klinisk studie med 

individualisert behandling rettet mot pasientspesifikke kreftstamceller i GBM for funksjonell 

presisjonsbehandling tilpasset hver pasient. For pasienter der man ikke får vekst av kreftstamcellene 

kan man utprøve en kombinasjonsbehandling av velkjente legemidler i en formell studie. 



 13 

List of papers 
 

Paper I 

Skaga E, Kulesskiy E, Fayzullin A, Sandberg CJ, Potdar S, Kyttälä A, Langmoen IA, Laakso A, 

Gaál-Paavola E, Perola M, Wennerberg K, Vik-Mo EO. Intertumoral heterogeneity in patient-

specific drug sensitivities in treatment-naïve glioblastoma. BMC Cancer. 2019 Jun 

25;19(1):628. doi: 10.1186/s12885-019-5861-4 

 

Paper II 

Skaga E, Kulesskiy E, Brynjulvsen M, Sandberg CJ, Potdar S, Langmoen IA, Laakso A, Gaál-

Paavola E, Perola M, Wennerberg K, Vik-Mo EO. Feasibility study of using high-throughput 

drug sensitivity testing to target recurrent glioblastoma stem cells for individualized 

treatment. Clin Transl Med. 2019 Dec 30;8(1):33. doi: 10.1186/s40169-019-0253-6 

 

Paper III 

Skaga E, Kulesskiy E, Sandberg CJ, Potdar S, Langmoen IA, Wennerberg K, Vik-Mo EO. 

Targeting tumor stem cells in therapy-resistant meningioma using drug sensitivity and 

resistance testing for individualized functional precision medicine. Manuscript 

 

Paper IV 

Skaga E, Skaga IØ, Grieg Z, Sandberg CJ, Langmoen IA, Vik-Mo EO. The efficacy of a 

coordinated pharmacological blockade in glioblastoma stem cells with nine repurposed drugs 

using the CUSP9 strategy. J Cancer Res Clin Oncol. 2019 Jun 145(6):1495-1507.  

doi: 10.1007/s00432-019-02920-4 



 14 

List of selected abbreviations 
 

BBB  blood brain barrier 

BTSC  brain tumor stem cell 

CD  cluster of differentiation 

CDK  cyclin-dependent kinase 

CNS  central nervous system 

CSC  cancer stem cell 

CUSP  coordinated undermining of survival paths  

DSRT  drug sensitivity and resistance testing 

DSS  drug sensitivity score 

DIY  do-it-yourself 

EGF  epidermal growth factor 

EGFR  epidermal growth factor receptor 

FBS  fetal bovine serum 

FGF  fibroblast growth factor 

GBM  glioblastoma 

G-CIMP  glioma-CpG island methylator phenotype 

GFAP  glial fibrillary acidic protein 

GSC  glioblastoma stem cell 

IDH  isocitrate dehydrogenase 

MG  meningioma 

MGMT  O6-methylguanine-DNA methyltransferase 

MRI  magnetic resonance imaging 

NG-RNA-seq next generation RNA-sequencing 

NSC  neural stem cell 

PCR  polymerase chain reaction 

recGBM  recurrent glioblastoma 

recGSC  recurrent glioblastoma stem cell 

RT  radiotherapy 

SCID  severe combined immunodeficiency 

scRNA-seq single cell RNA-sequencing 

sDSS  selective drug sensitivity score 

TMZ  temozolomide 

TSC  tumor stem cell 

VEGFR  vascular endothelial growth factor receptor 

WHO  world health organization 



 15 

Introduction 
 

The beginning of brain tumor treatment 

Advances in anesthesia, antisepsis, and cranial localization throughout the 19th century laid the 

foundation for the development of the surgery of intracranial pathologies – modern neurosurgery1. 

The first successful removal of a brain tumor is credited to the Scottish surgeon William Macewen 

(1848–1924) that in 1879 resected a dural based tumor from the surface of the brain in a 14-year old 

girl1. His description of a “fungous tumour of the dura mater” indicates that this most likely 

represented a tumor of the meninges of the brain – a meningioma. Five years later, the British 

surgeon Rickman J. Godlee (1849–1925) accompanied by the physician Alexander Hughes Bennett 

(1848–1901) were the first to successfully remove an intracerebral tumor2. After careful incision of the 

dura and the cerebral cortex, they proceeded with an apparent successful resection of a tumor 

“perfectly isolated from the surrounding brain substances”2. The subsequent pathological examination 

proved the tumor to involve glial elements of the brain – a glioma.  

In the early decades of modern neurosurgery, the patients not only suffered grim survival 

prospects due to their brain tumors, the surgery itself was associated with horrific mortality rates. 

Even in the hands of the most renowned surgeons, as much as half of the patients did not survive the 

surgery, mainly due to bleedings and infections3. Such numbers were first challenged in the early years 

of the 20th century by the American neurosurgeon Harvey Cushing (1869–1939). Using a systematic 

approach to both the surgery and the post-operative care, Cushing gradually improved the surgical 

technique and peri-operative mortality. With a special interest in brain tumors, he became the first to 

systematically follow up these patients. Accompanied by Percival Bailey (1892–1973), they authored 

the first classification of brain tumors4. Here, they correlated various tumor types to survival and 

showed that the histopathological characteristics of the tumor was linked to prognosis5. Their seminal 

work laid the grounds of the later brain tumor classification by the World Health Organization (WHO)6. 

As a result of his systematic approach to neurosurgery, Cushing had by the end of his career reduced 

the surgical mortality in brain tumor patients down to below 1 in 10 patients7.  

At the same time in Norway, under far more primitive conditions, the first Norwegian 

neurosurgeon Vilhelm Magnus (1871-1939) performed brain tumor resections in Oslo with similar 

remarkable results8. Since then, surgery gradually developed to become the mainstay in the initial 

management of brain tumors9.  
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Brain tumors 

Brain tumors are categorized 

as primary if the tumor 

originates within the brain or 

its meninges, or secondary if 

the tumor represent 

metastatic spread to the 

brain from a tumor localized 

to other body parts (e.g. 

kidney, lung, skin). Among 

primary brain tumors, 

approximately 1/3 are 

malignant. Malignant brain 

tumors are characterized by 

the diffuse invasion into 

adjacent structures – a hallmark characteristic of cancer10. Within the category of malignant primary 

brain tumors, diffuse gliomas represent the vast majority and comprise 8 out of 10 tumors11 (Fig. 1).  

Gliomas are tumors that arise from neuroepithelial tissue in the brain and have histologic 

features similar to normal glial cells (astrocytes, oligodendrocytes, and ependymal cells). The term 

glioma dates back to the 19th century when the German pathologist Rudolf Virchow (1821–1902) 

described these tumors as arising from the supportive glial cells of the brain12. Gliomas represent a 

heterogeneous group of tumors that span a broad spectrum of aggressiveness. The classification of 

gliomas has been built around the system devised by Cushing and Bailey. Historically, the tumors have 

been classified based on histopathological features that correspond to the level of malignancy – from 

grade I (least aggressive) to grade IV (most aggressive). Advances in integrative analyses of molecular 

and clinical data have incorporated molecular profiling into the most recent classification published by 

WHO in 20166. The diagnostic process of gliomas now encompasses histopathological tumor grading 

using the WHO-grading system and tissue-based molecular profiling. The histopathological review 

describes the tumor tissue by its cellular presentation (e.g. astrocytic or oligodendroglial cellular 

components) and devise a malignancy grade according to established pathological features of 

malignant gliomas (e.g. cellular differentiation state, cellular proliferation rate, nuclear morphology, 

neovascularization, presence of necrosis)13. The core molecular review includes mutational status of 

the isocitrate dehydrogenase (IDH) 1/2 gene and the deletion status of the short arm of chromosome 

1 (1p) and the long arm of chromosome 19 (19q). IDH-mutational status defines diffuse and anaplastic 

gliomas as either IDH mutant (IDHmut) or IDH wild-type (IDHwt). The codeletion of 1p/19q defines an 

Fig. 1. Brain tumor taxonomy. A simplified schematic presentation of the 
primary brain tumor taxonomy. The numbers are approximations from 
Ostrom et al.11 MG = meningioma 
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oligodendroglioma. The introduction of molecular profiling into tumor classification has important 

clinical applications, as the presence of IDH-mutation or 1p/19q codeletion is associated with 

significantly improved prognosis compared to molecular wild-type tumors14–17.  

The WHO-grade I glioma, pilocytic astrocytoma, is a well demarcated and slow-growing tumor, 

potentially curable by surgery alone18. Diffuse gliomas (WHO-grade II) comprise tumors that 

histologically presents with preserved cellular differentiation and genetically usually are IDHmut. These 

tumors are slow-growing, though diffusely invasive, and show a tendency of malignant progression 

over the years. Median survival ranges between 5 and 20 years15,19. Anaplastic gliomas (WHO-grade III) 

present histologically with a more malignant pathological phenotype (less differentiated, increased 

proliferation and cellularity, and nuclear atypia). Although they genetically usually are IDHmut, the 

increased malignant phenotype leads to reduced patient survival compared to the WHO-grade II 

tumors. Despite multimodal oncological therapy, median survival estimates range from 2-12 years 

depending on the integrated diagnosis14,20. The WHO-grade IV glioma is characterized by its rapid 

proliferation, highly aggressive nature and widely infiltrative growth into the normal brain and 

represents one of the most feared of all human malignancies – the glioblastoma.  

 

Glioblastoma 

Glioblastoma (GBM) is a devastating form of cancer. The aggressive growth of this tumor is associated 

with rapid clinical and neurological deterioration, and an invariable fatal outcome21. Unfortunately, 

the most aggressive brain tumor is also the most common of the malignant brain tumors. In 

epidemiologic studies, the incidence is reported around 3-4/100.000/year. In Norway this translates 

into around 200 new cases annually22. GBM is primarily a disease of the adult. The median age at 

diagnosis is around 65 years and the disease show a slight male predominance (ratio ~1.5:1)11. The 

only proven risk factors for developing GBM is ionic radiation to the brain and a few uncommon 

hereditary syndromes, such as Li-Fraumeni, Turcot and Neurofibromatosis. For the vast majority, new 

cases therefore represent spontaneous development of a GBM23. Clinically the tumor may present 

with signs and symptoms of increased intracranial pressure (e.g. headache, nausea), neurological 

deficits (e.g. paresis, language disturbance), irritative brain malfunction (seizures) or personality 

changes. The diagnostic work-up for a suspected GBM includes advanced magnetic resonance imaging 

(MRI) sequences for precise assessment of the tumor and surgical planning. A definite diagnosis is, 

however, based upon histopathological features and molecular profiling. GBMs display 

histopathologically features of a highly malignant disease such as cellular pleomorphism, high mitotic 

activity, microvascular proliferation, areas of necrosis and widespread invasion13. Genetically, 9 out of 

10 GBMs are IDHwt. The IDHwt GBM is considered a GBM developed de novo – a primary GBM. The 
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IDHmut GBMs largely correspond to the entity of gliomas that undergo progressive malignant 

transformation from a lower grade into a higher grade and eventually a GBM, hence called secondary 

GBM. Secondary GBMs have been recognized as a distinct entity since the early days of 

neuropathological research, as the German neuropathologist Hans J. Scherer (1906-1945) stated; 

“from a biological and clinical view, the secondary glioblastomas (..) must be distinguished from 

primary glioblastomas. They are probably responsible for most of the glioblastomas of long clinical 

duration”24.  

The initial management of GBMs consists of surgery aiming for maximal safe tumor resection. 

The surgery serves two purposes; to establish correct diagnosis and relieve mass effect by 

cytoreducing the tumor burden. Although surgery only results in a few months of additional survival25, 

resection of the tumor was accepted from the 1960s to give superior survival over biopsy only26,27. 

Later studies have shown that the extent of resection correlates with improved survival and that 

surgery therefore should aim for maximal resection of the contrast-enhancing tumor on MRI28–30. The 

limitations of surgery in the treatment of GBM has, however, been known for a century. In a radical 

surgical experiment in 1928, the American neurosurgeon Walter Dandy (1886-1946) performed right 

cerebral hemispherectomies in five patients suffering from right hemispheric tumors in an attempt at 

curative surgery. Unfortunately, some patients still suffered tumor recurrence, either in the basal 

ganglia or in the opposite hemisphere31. It established that at the time of diagnosis GBM cells are 

widely disseminated in the brain tissue – or as H.J. Scherer stated from his pathological studies; “it is 

impossible to determine exactly where the neoplasm ends”24. GBM must therefore be considered a 

disease involving the entire brain – a whole-brain disease (Fig. 2).  

 

Fig. 2. The invasive glioblastoma. (A) T1-weighted and contrast-enhanced MRI of a GBM with the characteristic 
dark core (central necrosis) surrounded by the contrast-enhanced tumor borders. (B) This MRI FLAIR (fluid-
attenuated inversion recovery) sequence highlights the vasogenic edema around the tumor that forms a 
surrogate measurement for tumor invasion. (C) The invasion of a GBM can experimentally be modeled by 
transplanting human GBM cells into the brain of immunodeficient mice. GBM cells (black) have been grafted (X 
= site of grafting) into the mouse brain. The cells invade diffusely into the brain reaching all the way into the 
contralateral hemisphere. The image has been reproduced with permission from E.O. Vik-Mo.  
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Further advancements in the treatment of GBM came with development of conventional 

oncological therapies; external beam radiotherapy (RT) and chemotherapy. From the 1970s, post-

surgical RT became the first oncological treatment that gave an additional survival benefit in GBM32,33. 

The addition of RT raised the median survival from around 6 months for those undergoing resection 

alone to around 11 months for those that also received RT32,33. RT has since been a standard part in 

the treatment of GBM. After additional three decades of extensive investigations into various 

chemotherapeutic treatments, the alkylating chemotherapeutic compound temozolomide (TMZ) was 

found to have some effect when given concomitantly with RT and thereafter as adjuvant treatment, 

raising the median survival in the whole study population to around 15 months (Fig. 3A)34. In the same 

study, around 40% of GBM patients were shown to harbor an epigenetic modification of the O6-

methylguanine-DNA methyltransferase (MGMT) gene that proved to give an additional survival 

benefit35. The MGMT protein normally functions to repair genetic defects, such as defects caused by 

TMZ. The silencing of the gene by epigenetic methylation renders the protein inactive for DNA-repair, 

thus increasing the efficiency of the DNA-damaging chemotherapy. It has now been established that 

the fraction of patients with a methylated MGMT promoter that are treated with TMZ have an 

additional survival benefit with a median survival around 23 months (compared to ~12 months for 

MGMT unmethylated tumors)35. For the small minority of patients that in addition to methylated 

MGMT-promoter also harbor the IDHmut genotype, a further improved survival is seen (Fig. 3B)36. 

Importantly, however, there exist a subgroup of patients that irrespective of their genotype seem to 

particularly benefit of TMZ, as the five-year survival increased from 2% to 10% with combined post-

surgical RT/TMZ37. Together, this variety in clinical response patterns to TMZ suggests a considerable 

heterogeneity in GBM patients’ response to chemotherapy (Fig. 3A-B). 

In recent years, an additional treatment modality has emerged in GBM that utilizes alternating 

electric fields to disrupt mitosis. In a large randomized trial, these Tumor Treating Fields given 

concurrently with the standard post-surgical RT/TMZ improved median survival in the whole study 

population to around 21 months (compared to ~15 months for RT/TMZ only)38. The subgroup of 

patients with a methylated MGMT promoter were again shown to benefit the most with a median 

survival of around 32 months (compared to ~23 months for RT/TMZ only). This treatment is, however, 

currently of minimal availability for patients, as the treatment is burdened with an enormous cost 

estimated to be $20,000/month39.  

Large clinical trials have documented small incremental improvements in GBM patient survival 

over recent decades. However, the extent of selection bias of patients recruited into clinical trials is 

not insignificant. Patient selection introduces systematic skewness in the trial such that the study 

population is not representative for the patient population in the real world. As the disease impacts in 

the most delicate organ of the human body, and inherently possesses a remarkable biological 
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aggressiveness, far from all patients undergo the demanding multimodal oncological therapy of 

surgery, RT and TMZ40. In population series of GBM, the median survival is still less than 12 months41. 

These survival rates correspond to the 12 months of median survival in Harvey Cushing’s operating 

series in the most malignant astrocytomas almost a century ago. Despite vast improvements in 

diagnostic equipment, surgical techniques and treatment modalities, the words of Cushing still hold 

true; “we have long stood helpless in the presence of brain tumors”.  

 

Tumor heterogeneity 

One of the major barriers for therapeutic advances in GBM is attributed to the extensive 

heterogeneity of the disease – not only between patients, but also within each tumor. This tumor 

heterogeneity was already apparent to Cushing and Bailey, as they described a multiform appearance 

of the microanatomical features of GBM – and hence the historical term glioblastoma multiforme4. 

The heterogeneity of GBM has since been widely described at the molecular, cellular and anatomical 

level, resulting in a diversity of biological behaviors, that ultimately renders an individual tumor 

exclusive to each patient42–44.  

Diversity between tumors – intertumoral heterogeneity – is a hallmark of GBM. With modern 

imaging modalities, a clinically relevant heterogeneity is evident already at the time of initial imaging. 

Based on the MRI phenotype, GBMs can be grouped into distinct categories with various survival 

Fig. 3. Survival of glioblastoma (A) The survival of GBM patients according to oncological treatment. The figure 
is based on data from Holland et al.21, Kristiansen et al.33, and Stupp et al.37, and have been reproduced after 
permission from E.O. Vik-Mo with minor modifications. (B) The survival of GBM patients according to genotype 
treated with multimodal oncological therapy consisting of surgery, RT and TMZ. The sector diagram presents 
the relative fraction of GBM patients in a population with the specified molecular signature. Black 
IDHwt/MGMTun. Dark grey IDHwt/MGMTmet. Grey: IDHmut/MGMTmet. Light grey:  IDHmut/MGMTun. The figure is 
based on the data from Stupp et al.37 and Yang et al.36 
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probabilities45. Repeated imaging of the newly diagnosed and untreated disease has further revealed 

large variations in individual growth rates46. Volumetric analyses have estimated an overall increase in 

volume by 1.4% per day, corresponding to a doubling of the tumor volume over 1.5 months46. The 

variation between patients is, however, extensive as some newly diagnosed patients have a stable 

tumor volume over several weeks, while others experience an enormous growth rate with volumetric 

doubling over only a few days46.  

Technological advances in molecular profiling have over more recent years provided 

compelling insight into the complexity of the disease. Tumor heterogeneity at the molecular level has 

been known for decades based on classical cytogenetic studies describing various chromosomal and 

copy number changes in GBM47,48. These genetic alterations remained, however, descriptive until the 

mid-2000s when large-scale gene transcriptional profiling was correlated to clinical data and classified 

GBMs into various subtypes based on gene expression49. Over the subsequent years, the work by The 

Cancer Genome Atlas (TCGA) using multi-dimensional and large-scale molecular and clinical analyses 

resulted in an enormous mapping of the tumor heterogeneity in GBM. In a series of landmark studies, 

TCGA described the frequent recurrent mutations and the distinct signaling pathways of GBM 

evolution50, the deregulation in three critical signaling pathways (RTK/RAS/PI3K, p53 and RB signaling) 

involved in the majority of GBMs51, IDH-mutations associated with secondary GBMs52, and the entity 

of glioma-CpG island methylator phenotype (G-CIMP) associated with IDHmut glioma and gliomas of 

lower grade53. Complementing previous work of subtyping, TCGA classified GBM into different 

subtypes based on gene expression profiling54. From bulk tumor sampling there exists at least three 

subtypes, namely classical, mesenchymal, and proneural. These subtypes can partially be classified 

according to genetic abnormalities in EGFR (classical), NF1 (mesenchymal), and PDGFRA/IDH1 

(proneural)54,55. The impact of subtyping for treatment and prognosis has, unfortunately, been limited, 

as the disease displays a vastly higher complexity than a bulk tumor sample is able to capture. The 

complexity of tumor heterogeneity has increased in magnitude following more recent findings, as 

multi-regional tumor sampling in single tumors have revealed that each tumor is composed of cells 

from every subtype. Furthermore, the subtype may change over time with tumor evolution and 

through therapy55,56. 

Multisector sampling of spatially distinct tumor fragments and advances in single cell RNA-

sequencing (scRNA-seq) technology have started to decipher the diversity within single tumors – 

intratumoral heterogeneity. In GBM, scRNA-seq has revealed the existence of a heterogeneous 

mixture of cells, representing different and co-existing subtypes within the same tumor57,58. This 

intratumoral heterogeneity is flexible and dynamic as cells from a specific subtype upon 

xenotransplantation to immunodeficient mice can give rise to a new tumor consisting of a 

heterogeneous mixture of tumor cells representing all subtypes56. Multisector sampling of spatially 
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distinct tumor fragments has further described tumor evolutional events as different regions contain 

cell populations with different genetic alterations59. The intratumoral heterogeneity is not only limited 

to various cell populations with different mutational profiles, but even single genes may be altered by 

various mutational events within the same tumor60. This has also been found at the protein level, 

where different receptor tyrosine kinases are heterogeneously amplified in different and co-existing 

cell population within the same tumor61,62. This genomic, transcriptomic and proteomic heterogeneity 

within a GBM only describes a snapshot of the biology at the time of sampling. Despite multimodal 

oncological therapy, GBM usually relapse within 9 months following the first surgery63. The tumor 

therefore evolves over time. This evolution is both a dynamic and flexible process of responses and 

adaptations to different microenvironmental cues and insults from treatment. The tumor evolution 

varies between patients adding a dimension of longitudinal heterogeneity in GBM.  

Recent studies comparing samples of the untreated primary and the post-treatment recurrent 

GBM from the same patient have established a new dimension of tumor heterogeneity by describing 

tumor-to-tumor variability in evolution over time64–68. The selection pressure exerted by standard 

treatment can result in a variety of potential evolutionary trajectories, that ultimately leads to 

regrowth of treatment-resistant tumor cells. These evolutionary trajectories may be classified as linear 

in some tumors, with the recurrent tumor having extensive genetic similarities to dominant clones in 

the primary tumor. Other relapsed tumors have a branched subclonal evolution that leads to 

formation of divergent cell populations responsible for regrowth of a tumor with less genetic 

similarities to the primary tumor64–67,69. The tumor cells in the invasive front, unreachable by surgery, 

are presumed responsible for the ultimate tumor relapse. These cells have been found to represent 

clones that originate early in the evolutionary process of the tumor70. However, the tumor regrowth 

can be driven by a clone positioned early, in the middle or late in the clonal evolutionary process of 

the primary tumor64,65. The probability of branched evolution can be inferred by the distance from the 

primary to the relapsed tumor, as a distant relapse predicts a branched clonal evolution64. Radio- and 

chemotherapy may also induce additional genetic alterations in the recurrent tumor64–66. In a minority 

of tumors with alterations in mismatch repair genes, TMZ may induce a hypermutated phenotype 

leading up to 1000 mutated genes at recurrence71,72.  

The tumor heterogeneity in GBM begins with the genetic alterations, cellular composition, 

and biologic behavior of the untreated disease, is followed by a heterogeneous response and 

adaptation to treatments, that further results in a heterogeneous tumor evolution over time until the 

manifestation of tumor relapse (Fig. 4). The composition and evolution of a tumor establish a complex 

and unique tumor biology in the individual patient. The patients, however, irrespective of the genetic 

changes and cellular composition of their tumor, are planned for the same treatment; surgery, RT and 

TMZ. This multimodal treatment only prolong life for some months. Tumor heterogeneity therefore 
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represents a major underlying cause of treatment failure. Presumed responsible for the progressive 

disease are the tumor cells capable of propagate tumor growth and resist treatments; the tumor stem 

cells. 

Fig. 4. Schematic presentation of tumor heterogeneity in GBM over time and through therapy Upper row: MRI 
images display a GBM through therapy. Left is T1-weighted and contrast-enhanced MRI with the tumor 
delineated by the blue line. The following FLAIR-image display the vasogenic edema delineated by the green line 
(enlarged in the cartoon below). The middle MRI is the immediate post-operative MRI with a marginal contrast-
enhancing tumor close to the basal ganglia (arrow). After RT/TMZ the tumor recurs, as exemplified in the two 
rightmost images, T1w and FLAIR, respectively. The blue line delineated the recurring tumor while the yellow 
line delineates the vasogenic edema (enlarged in the cartoon below). Middle row: The cartoons is a schematic 
presentation of the intratumoral heterogeneity in the cellular and subclonal architecture. Most of the cells are 
resected during surgery. The additional oncological treatments target the invasive front. However, some 
resistant tumor cells survive and may even acquire new treatment-induced genetic alterations that give rise to 
regrowth of a tumor comprised of a heterogeneous mixture of cell populations. Lower row: Schematic 
presentation of the subclonal evolution from the primary tumor, through therapy and until the tumor relapse. 
The figure was in part prepared using images from Servier Medical Art with minor modifications, which is 
licensed under a Creative Commons Attribution 3.0 License (http://cretivecommons.org/licenses/by/3.0/) 
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Tumor stem cells 

Cancer is a disease of overgrowth and invasion of immature, non-functional cells. The recognition of 

these basic principles in cancer biology dates back to the mid 19th century when Virchow postulated 

that cancer is a disease of cell division that arise from immature cells73. Cancers, however, are 

composed of a heterogeneous mixture of different cell types and subclones of tumor cells10. The 

cellular heterogeneity in cancer has traditionally been viewed as a result of malignant transformation 

of cells that stepwise acquire genetic changes resulting in cellular progenies with both a proliferative 

advantage and an increasing genetic instability. This will in turn lead to spawning of tumor cell 

subclones with various genetic alterations and underlies the stochastic model of clonal evolution in 

cancer74. This model posits that cancers are organized as a non-hierarchical structure, and that the 

increasing genetic instability leads to formation of a heterogeneous tumor consisting of various 

subclones that all proliferate extensively and form new tumors74. It has, however, been known for a 

long time that only a small fraction of the cells within a tumor is able to reinitiate tumor growth75. The 

cellular properties in which a few cells can give rise to all cells in the cancer share similarities to the 

function of stem cells that drive embryogenesis and organ development in humans76. 

A stem cell is positioned at the top of a hierarchy of proliferating cells that upon cell division 

self-replicate and give rise to a progeny able to differentiate towards specialized functions. In 

embryogenesis, the totipotent stem cells in the embryo give rise to all organ systems in the 

developing fetus. In adults, stem cells are more restricted and give rise to cellular progenies upon 

division to maintain the cellular homeostasis in an organ system. In most organs stem cells are rare, 

but the number and self-renewal rate varies among organ systems. For instance, the gastrointestinal 

tract is continuously exposed to mechanical and chemical wear, such as the stem cell population 

located in the crypts of the intestines continuously replenish new cells that change the intestinal lining 

within a week77. The human brain does not have the same capacity for self-renewal. In fact, the brain 

was until late in the 20th century thought not to contain stem cells at all, and that new neurons not 

could be generated after birth – the “no neuron dogma”78. Evidence of neurogenesis, however, 

accumulated throughout the latter half of the 20th century by reports of cellular divisions in the adult 

rodent brain79,80 and neurogenesis of the vocal center in the brain of male canary bird prior to the 

breeding season81–83. The first successful isolation of neural stem cells (NSCs) was reported by Reynold 

and Weiss in 1992 obtained from the striatum of mice84. These NSCs formed spheroid structures in 

vitro in culture media depleted of serum and supplemented with growth factors. These neurospheres 

could be maintained for generations (self-renew) and the NSCs could be differentiated into mature 

neurons and astrocytes – the hallmark of stem cells. The isolation of NSCs from the hippocampus of 

the human brain was reported only a few years later85. This was followed by reports of successful 

isolation of NSCs from different regions in the human brain86–88. Neurons can, however, only be 
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identified by their ability to generate action potentials and communicate by synapses. Proofs that 

NSCs from the adult human brain could give rise to individual functional neurons as well as neuronal 

networks in vitro, was published a few years later in a series of papers by our research group at the 

Vilhelm Magnus Laboratory for Neurosurgical Research89–91. 

The organization and progression of cancer share basic similarities to the normal 

organogenesis driven by stem cells. The equivalent cells responsible for cancer development has 

therefore been named cancer stem cells (CSCs) or tumor stem cells (TSCs)76. Although the 

experimental evidence of a hierarchical structure in cancer primarily has been reported over the last 

decades92, the term tumor stem cell was first coined by Sajiro Makino in 1959 when he identified a 

small population of cells that were insensitive to chemotherapy93. However, early evidence indicating 

a hierarchical structure in cancer dates back to the 1930s when a study showed that leukemia could 

be transmitted from one mouse to another by a single leukemic cell94. The functional evidence of a 

hierarchical structure in cancer was demonstrated in 1997 by John E. Dick and colleagues92. After 

isolation of a subpopulation of human leukemic cells (CD34+/CD38-), the transplantation of a few of 

these cells could reinitiate the leukemic disease in immunocompromised mice. Transplantation of a 

thousand-fold higher number of cells not bearing the stem cell phenotype failed to initiate the 

disease. Evidence of a hierarchical structure in hematologic malignancies was shortly followed by 

reports in the early 2000s of similar hierarchies in a range of solid tumors95–98, of which brain tumors 

were among the first described99–102. The cancer stem cell hypothesis describes cancer as an aberrant 

organogenesis that ultimately dominates the host – or in the words of the Nobel laureate John 

Michael Bishop; “a distorted version of our normal selves”. This hierarchical model provides a 

description of the biological properties of cancer including cellular heterogeneity, therapeutic 

resistance and tumor recurrence – which is supported by a number of experimental studies in brain 

tumors103–105. The clinical implications of a hierarchical structure in cancer is that targeting the tumor 

stem cell population is required in order to eradicate the tumor76.  

 

Brain tumor stem cells 

Brain tumors were among the first solid tumors found to contain a subpopulation of cells with stem 

cell properties99–102. When isolated from gliomas, these glioma stem cells, were shown to form 

spheres (tumorspheres) under the same culturing conditions as NSCs and harbor stem cell-

characteristics of unlimited self-renewal and lineage specific differentiation. Deconvolution of the 

developmental hierarchy in gliomas has later confirmed the existence of a subpopulation of glioma 

stem cells that seems responsible for fueling the growth in gliomas of both lower106,107 and higher 

grade, including GBM104,108.  
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When isolated from GBM, this subpopulation of glioblastoma stem cells (GSCs) has been 

shown in a number of studies to express stem cell markers (e.g. CD15, CD133), differentiate into the 

progenies of both neuronal and glial lineage, and establish invasive phenocopies of the parental tumor 

upon xenografting to immunodeficient mice103–105,109 (Fig. 5). The ability of GSCs to induce invasive 

tumors is preserved in serial transplantations and the resulting tumor presents histopathological 

features resembling a GBM104,109–111. GSCs further possess properties that make them resistant to the 

standard therapy of RT112,113 and TMZ104,114, and are therefore presumed to be responsible for the 

ultimate regrowth of the tumor44.  

The cancer stem cell model is not without controversy115. Despite extensive research into TSCs 

in various cancers over almost two decades, the clinical value of targeting this subpopulation of cells in 

cancer is still uncertain. The concept of GSCs in GBM is also debated due to unresolved issues 

regarding selective identification, GSC plasticity, and cellular origin. The lack of a universal cell marker 

to select for the GSC population makes direct identification challenging103. Functional enrichment of 

GSCs in serum free, growth-factor supplemented media has therefore emerged as the most robust 

method for enriching this cell population. The concept of GSCs is also challenged by reports on the 

existence of different GSC populations within the same tumor116 and by studies that show that the 

GSCs do not represent a stable cellular entity but display a plastic behavior able to change their 

phenotype over time and through therapy117–119. Furthermore, the term glioblastoma stem cell does 

not make any claims on the cellular origin. The NSCs seem a plausible source as the inherent stem cell 

program may require less genomic alterations to evolve into a GSC120. The GSCs, moreover, share 

common surface markers and signaling pathways with normal stem cells121. Recent evidence suggests 

that GBM arise from the cells in the subventricular zone which represents a niche for NSCs122. The risk 

of cancer is also correlated to the estimated number of stem cell division in an organ (e.g. more 

cancers of the GI-tract than in the brain), indirectly supporting a stem cell source in tumor 

development123,124. However, whether normal stem cells are the origin of cancer, or whether cancers 

arise due to a mature cell acquiring stem cell-like characteristics is debated. 

Despite some unresolved issues, the GSC model posesses important key qualities as a model 

system in GBM. This includes the ability to retain the key molecular alterations of the parent tumor125–

128, to maintain a range of individual GSC clones from the same tumor116,129,130, and to preserve the 

invasive behavior in vivo104. The geno- and phenotype of the GSCs is also preserved through serial 

passages making the GSC model stable over time ex vivo131. In a series of publications, our research 

group have characterized GSCs derived from biopsies of GBM. We have described the functional 

similarities to normal adult human NSCs132, the cellular composition and structural organization of 

tumorspheres130, the effects of long-term cultivation131, and the dysregulated Wnt-signaling in 

GSCs121. We have identified molecular targets in GSCs133, and characterized the invasive cells in the 
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GSC model system134–136. We have also established the safety and feasibility of immunotherapeutic 

targeting of autologous GSCs by performing the first-in-human dendritic cell-based vaccine in GBM137. 

Taken together, this characterization has established that an individualized GSC culture is a disease-

relevant and a living model of the GBM from which it was derived. This has further allowed utilization 

of patient-specific GSC cultures for development of individualized treatments138. A growing body of 

evidence also suggests the clinical importance of targeting the GSCs in the treatment, as the 

propagation of GSCs in vitro139, a GSC gene signature121 and the in vitro sensitivity of GSCs to TMZ140 

are independent predictors of patient outcome. 

 

Individualized treatments  

The invasive growth of GBMs makes it impossible to remove all tumor cells during surgery. It is 

therefore pivotal to develop adjuvant treatment strategies. The main reasons for the failure of RT and 

TMZ to control the disease is tumor heterogeneity and therapeutic resistance. The complex tumor 

heterogeneity between patients to a large extent complicates the development of standardized 

treatment strategies for a GBM population. Collectively, this suggests the necessity to develop more 

individualized treatment options tailored to the specific patient.  

The most widely studied approach for individualized therapies has been to utilize molecular 

profiling of individual tumors to identify druggable targets and subsequently match the genomic 

alteration to a targeted drug – synonymous to precision oncology141. The idea behind such genomics-

Fig. 5. Stem cell properties of glioblastoma stem cells. (A) From surgical biopsies the GSCs proliferate as 
tumorspheres. (B-C) Upon exposure to differentiating conditions in vitro, the GSCs develop a more mature 
morphology and stain positive for markers of glial (GFAP) and neuronal (β3-tubulin) lineage. (D) The invasive 
properties of the GSCs are preserved ex vivo. The inset display the morphology of the most invasive cells. The 
arrow points to a cell division in the invasive front. (E) Upon xenografting the GSCs reinitiate the diffuse invasion 
of a GBM. The cells are stained with human vimentin using fluorescent labeling. TC = tumor core. Red arrows 
point to adjacent infiltrated regions of the tumor core. White arrows point to areas of distant invasion from the 
tumor core. The images are reproduced with permission from publications by our research group. A-C from 
Varghese et al.132, D from Fayzullin et al.134, and E from Mughal et al.135 
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driven treatment approaches is that somatic genetic alterations can be identified and matched with 

specific drugs. Early successes reported around the millennium, such as imatinib in chronic myeloid 

leukemia142 and trastuzumab in HER2-positive breast cancer143, fueled the enthusiasm of genomics-

driven treatments in oncology. Although there have been successful developments of targeted 

therapies approved for use in various solid tumors, e.g. EGFR inhibitors in lung cancer144 and BRAF-

inhibitors in melanoma145, the clinical responses to such therapies are usually short-lived146.  

Recent studies have shed a more sobering light on the genomics-driven strategy of precision 

oncology. Although studies report high rates in identification of “actionable” mutations using various 

genomic platforms147, the number of patients that are matched to a drug is very low148. Data from the 

sequencing program at the MD Anderson Cancer Center in Houston, Texas, which included over 2000 

patients, showed that only around 5% were paired to a targeted drug149. The NCI-MATCH trial by the 

US National Cancer Institute using molecular analyses to guide therapeutic choices has reported that 

only about 2.5% of patients entered a treatment arm148. A recent study using whole exome 

sequencing to identify targetable alterations across various cancers were able to match an FDA-

approved drug to a genetic alteration in only 3 out of 737 samples (0.4%)150. Although these numbers 

may rise with more insight of the druggable genome and increasing numbers of available targeted 

drugs, a recent estimation of the number of patients eligible for genome-based targeted therapy 

found the fraction to only be around 8%151. These numbers only describe the fraction of patients that 

can be matched to a drug. The number of patients that after matching also experience clinical benefit 

is even lower152,153. For example, the recent multi-center DRUP-trial that included 642 patients 

reported clinical benefit in 44 patients (7%) that was assigned to a targeted therapy after genomic 

profiling154. A recent larger prospective multi-center study (ProfiLER) that enrolled over 2500 patients 

reported even lower overall response rates of genomics-driven treatment of only 0.9%155. Based on 

these experiences, only a small minority of patients benefit from genomics-driven oncology in 

heterogeneous cohorts156.The precision oncology strategy has similarly been challenging in GBM.  

The elucidation of the common somatic mutations in GBM sparked extensive clinical 

investigations into targeted therapies. Large phase III trials of targeted therapies aimed at common 

pathological or genetic events in unselected GBM patients have, unfortunately, produced 

disappointing results157–161. Clinical trials of inhibitors to commonly altered signaling pathways, such as 

EGFR-, mTOR/PI3K-, PDGFR-, and VEGFR-signaling, have all failed to demonstrate a survival benefit in 

patients162–164. The difficulty in applying genomics-driven matching of drugs has further been apparent 

as investigations into highly selected patient groups that harbor unique genetic events have yielded 

negative results161. For example, a recent study that exclusively recruited GBM patients with an EGFR 

gene amplification with or without a constituently active EGFR-signaling by EGFRvIII mutation, did not 

result in clinical efficacy using the second-generation EGFR-inhibitor dacomitinib165. The complexity of 
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genomics-driven treatment decision has also been clear in cases where different mutations in one 

gene may produce different responses to targeted therapies. This was exemplified in glioma by the 

surprising and incremental growth of a juvenile pilocytic astrocytoma that harbored a BRAF-mutation 

treated with a BRAF-inhibitor166. The tumor was found to harbor a BRAF fusion rather than a more 

common point mutation known to respond to the inhibitor167. Noteworthy, clinical studies utilizing 

targeted therapies usually report a few responders in the trial. However, the failure to produce clinical 

benefit in the total patient cohort leads to the conclusion of limited activity in GBM162–164. Such 

variable treatment responses suggest that there exists a considerable heterogeneity in the sensitivity 

to targeted therapies in the individual GBMs, and that molecular profiling is unable to appropriately 

identify the subgroup of patients most likely to respond.  

The application of targeted therapies in GBM is hampered by the complex tumor 

heterogeneity, both between patients and within individual tumors. The intratumoral heterogeneity 

further suggests that targeted monotherapies may be of limited value in individual patients. To 

circumvent this problem, polytherapeutic combinations of compounds acting on different targets 

simultaneously may be necessary to produce clinical benefit43. As few patients are selected for 

individualized treatment by genomics-driven oncology, more functional approaches to guide 

treatment are gaining interest148. Advances in high-throughput technology have recently enabled 

automated ex vivo drug sensitivity testing of individual patient’s cancer cells to hundreds of different 

anticancer drugs168. This drug sensitivity and resistance testing (DSRT) platform has successfully 

identified individualized treatment options in hematological malignancies for functional precision 

medicine168. 

In accordance with the cancer stem cell hypothesis, a number of studies have substantiated 

the role of the GSCs in GBM growth, therapeutic resistance and tumor recurrence, indicating that it 

may be necessary to target this subpopulation of cells in order to improve clinical outcome. Aiming to 

address the challenge of tumor heterogeneity and using the accumulated experience in our laboratory 

for working with individualized GSC cultures, we explored the feasibility to develop and implement the 

DSRT platform in GBM for individualized functional precision medicine.  
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Aims and hypotheses of the thesis 

 

The aim of the thesis was to functionally profile individual patient-derived GSCs in terms of drug 

sensitivity. This in turn aiming to develop new treatment strategies targeting the GSC population in 

patients with GBM. We examined (i) development and implementation of an ex vivo high-throughput 

drug sensitivity and resistance testing (DSRT) platform for identification of individualized treatments in 

patient-specific GSC cultures, and (ii) a combination treatment consisting of well-known drugs 

approved for non-oncological indications.   

 

Primary hypothesis: Patient-derived brain tumor stem cell cultures can be functionally profiled by drug 

sensitivity and resistance testing to identify treatment options for the individual patient.   

 

The specific hypotheses of the papers included in the thesis are;  

 

1. The GSC cultures have different drug sensitivity profiles specific to any given patient. (Paper I) 

 

2. In patients with recurrence of GBM, it is possible to establish autologous GSC cultures, 

perform high-throughput drug sensitivity testing and identify individualized treatment options 

within a time frame that allows clinical application. (Paper II) 

 

3. The DSRT platform can be translated to other malignant brain tumor entities for individualized 

functional precision medicine. (Paper III) 

 

4. A polytherapeutic treatment regimen consisting of well-known drugs approved for non-

oncological indications can be utilized to target glioblastoma stem cells. (Paper IV) 
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Materials and methods 
 

Brain tumor biopsies 

Brain tumor biopsies were obtained from informed and written consenting patients undergoing 

surgery for a brain tumor at the Department of Neurosurgery, Oslo University Hospital. The tissue 

harvesting and the establishment of a brain tumor biobank was approved by the Norwegian Regional 

Committee for Medical Research Ethics (REK 07321b and 2017/167). The tumor biopsies were 

obtained between 2014 and 2016. The histopathological diagnostics was therefore performed by a 

neuropathologist according to the 2007 WHO-classification of gliomas, as the molecular tumor 

characterization included in the last WHO-classification not was implemented. The clinical 

characteristics of the patients are presented in the supplementary files of the respective papers.  

 

Brain tumor stem cell cultures 

Brain tumor biopsies were obtained directly form the operating theatre during surgical resections. For 

the establishment of patient-specific brain tumor stem cell cultures, we utilized tumor tissue obtained 

from several focal biopsies as well as from the ultrasonic aspirate. This multi-focal tissue sampling was 

undertaken to maximize the polyclonal composition of the individual cell cultures. The tumor biopsies 

were transferred from the operating theatre to the laboratory in sterile tubes containing buffered 

Leibovitz-15 (L-15) media. In the laboratory, the biopsies were dissociated mechanically (scalpels) and 

enzymatically (trypsin), filtered to single cell suspensions and cultured in low-attachment flasks in 

serum-free, growth factor supplemented media. These culturing conditions were originally used to 

culture and propagate NSCs in vitro84, and was later adapted to culture GSCs101. The base of the cell 

culturing media contains DMEM/F-12 supplemented with Hepes (to maintain pH), penicillin and 

streptomycin (to prevent contamination of bacteria), vitamin B27 without retinoic acid (a mixture of 

nutrient growth factors that maintains stem cell characteristics), and heparin (to support the growth 

of the stem cell phenotype). Twice a week epidermal growth factor (EGF) and basic fibroblast growth 

factor (bFGF) were added to the media to promote symmetric division and preserve multipotency. 

These culturing conditions are an established method to enrich for GSCs in vitro and is recognized as 

superior in preserving the genotype and the induced phenotype of the parental GBM compared to the 

traditional methodology of using serum-containing media169,170. Under these conditions, the cells grow 

in three-dimensional spheroid structures (tumorspheres). The tumorspheres can be of clonal origin 

arising from a single cell if the cell concentration is sufficiently low171. A single sphere may also be 

formed by the fusion of several smaller spheres172. When the core of the tumorspheres turned dark 

under phase-contrast microscopy (diameter ~100 μm) they were enzymatically dissociated into single 
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cells and re-cultured at a density that allowed growth of clonal spheres (105 cells/ml in 75 cm2 flasks). 

This procedure of dissociation and re-culturing was counted as a passage of the cells.  

In the present work, two brain tumor stem cell cultures derived from one primary (T1505, 

Paper I) and one recurrent (T1608, Paper II) GBM proliferated adherently. Similar to the GSCs that 

form tumorspheres, the GSCs that proliferate adherently under stem cell conditions preserve the 

genotype of the parental tumor, induce histopathological features resembling a GBM upon 

xenografting, and are suitable for drug screening analyses173.  

The ability to differentiate into neuronal and glial lineages is a key feature of NSCs. In vitro this 

is frequently induced by transferring the stem cells into a medium that contains serum, vitamin B27 

and retinoic acid. NSCs will then adhere and differentiate into all neuronal lineages91,132,174. In the 

present work, we used this method to evaluate the multi-lineage potency of GSCs132.  

 

Flow cytometry 

Flow cytometry is a laser-based technique that allows for real-time analysis of physical and chemical 

properties of cells. During the analysis, a sample of dissociated single cells suspended in a fluid is 

passed through a laser beam one cell at a time. Characteristics of the cells determines the resulting 

light scatter of the laser. Flow cytometry is a widely used method for sorting, counting and 

characterizing cells. For characterization of cells according to specific cellular markers, the cells can be 

labelled by fluorescent dye molecules that bind specific cellular components. If a fluorescent molecule 

is bound to the cell, the fluorescent dye will upon excitation by the laser emit light of varying 

wavelengths that detectors in the cytometer record. In the current work, tumorspheres were 

dissociated into a single cell suspension, cultured at low density (5x104 cells/ml) and incubated for four 

to six hours to allow recovery of cell surface epitopes. The cells were subsequently incubated with 

fluorescence conjugated monoclonal antibodies against specific epitopes and immediately analyzed by 

a LSRII flow cytometer at the Flow Cytometry Core Facility, Oslo University Hospital. Dead cells were 

identified using propidium iodide. Cells in doublets were excluded by gating using forward and side 

scatter plots. Unstained cells were used as negative control in all experiments to identify the cell 

population of interest. 

 

Immunohisto- and cytochemistry 

Immunostaining is a semi-quantitative antibody-based technique where specific proteins are detected 

and localized in cells and tissues utilizing antigen-specific antibodies. The primary antibody-antigen 

interaction is subsequently visualized using a secondary antibody that is labeled for instance with a 

fluorescent molecule to make it detectable by a microscope. In the present work, differentiated GSCs 
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were stained with fluorescence-labeled secondary antibodies according to methods previously 

described by our research group131,132,135. We used primary monoclonal antibodies from mouse, rabbit 

and goat strains, and fluorescent-dye conjugated secondary antibodies specific to the respective 

species. Each experiment included negative controls that were only stained with secondary 

antibodies. Nuclear staining of differentiated GSCs was performed using DAPI (binds strongly to 

adenine-thymine rich regions in DNA). Sections of xenografted mouse brains were stained by 

fluorescent nuclear staining using Hoechst 33258 (binds specific grooves in DNA-sequences rich in 

adenine and thymine). Images of cells in culture were taken using a fluorescence microscope and the 

Olympus Soft Imaging Xcellence software v.1.1. Images of xenografted brain sections stained by 

hematoxylin & eosin or nuclear immunostaining were acquired using Axio Scan.Z1 (Carl Zeiss) at The 

Norwegian Brain Initiative (NORBRAIN), University of Oslo.  

 

Xenotransplantation  

The property that defines TSCs is the ability to reinitiate tumors upon serial transplantations175. To the 

animal experiments in the present work, C.B.-17 severe combined immunodeficient (SCID) mice (8-9 

weeks old) were obtained from Taconic (Denmark), acclimatized for >1 week and kept in a minimal 

disease unit at the Department of Comparative Medicine, Oslo University Hospital. As these mice lack 

cellular immunity, they easily accept foreign tissue transplants. Cells from the human brain can 

therefore be xenografted to their orthotopic location and integrate into a living and otherwise normal 

functioning host. The xenografting of GSCs into SCID mice has in a number of studies been shown to 

induce a malignant brain tumor that invade diffusely into the brain and recapitulate the pathological 

features of a GBM101,104,109,131,135. Despite certain limitations inherent in the lack of interaction 

between GSCs and an immunomodulatory tumor microenvironment that takes place in real life176, this 

model is useful for studying certain aspects of GBM biology. In the present work, we xenografted 

patient-derived GSCs in order to confirm the tumorigenicity of the individual cultures. The mice were 

anesthetized with a subcutaneous injection of zolazepam (3.3 mg/mL), tiletamine (3.3 mg/mL), 

xylazine (0.45 mg/mL) and fentanyl (2.6 μg/mL) and placed in a stereotactic frame. The cranial 

anatomical landmarks of bregma and right coronal suture were identified, the cranium was trephined, 

and a 2 μL single cell suspension of 100,000 cells/μL were xenografted into the striatum of the right 

hemisphere (coordinates according to the border between putamen and corpus callosum) using a 

Hamilton syringe. The animals were regularly monitored for general appearance and signs of distress 

and were killed by cervical dislocation after 15 weeks or earlier if weight loss >15% or neurological 

symptoms developed. Upon sacrifice, the brains were immediately excised, fixed in 4% 

paraformaldehyde for 24 h and equilibrated in 20% sucrose for an additional 24 h to avoid freezing 
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artefacts. The frozen brain was subsequently cut into 10-20 μm coronal sections on a freezing 

microtome and stained, as previously described by our group131. All animal procedures in this work 

were approved by the National Animal Research Authority (FOTS 8318). 

 

Drug sensitivity and resistance testing 

The ex vivo high-throughput drug sensitivity and resistance testing (DSRT) was undertaken in an 

automated facility at the Institute for Molecular Medicine Finland, University of Helsinki, Finland. The 

oncology drug collection consisted of up to 528 anticancer compounds (n=461 compounds in paper I, 

n=525 compounds in paper II, n=528 compounds in paper III) and covered most U.S. Food and Drug 

Administration (FDA) and European Medicines Agency (EMA) approved anticancer drugs and 

investigational compounds with a broad range of molecular targets. Around 1/3 of the drug collection 

consisted of drugs with approved status for both oncological and non-oncological indications. Detailed 

overview of the drug collection, the handling and manufacturer of compounds is provided in the 

supplementary files of the respective papers. For DSRT, the plates (384-wells/plate) were pre-drugged 

using an acoustic liquid handling device (Echo 550, Labcyte Inc.). Each drug was dispended in five 

different concentrations (10-fold dilutions) over a 10,000-fold concentration range covering the 

therapeutic area. The DSRT required >107 cells to perform drug sensitivity testing of all the drugs in 

respective drug collections. Initially, we performed pilot experiments where the optimal density of 

cells was determined (3000 cells/well) and we confirmed the reproducibility of the DSRT by repeated 

screenings evaluated by a blinded investigator (Paper I). The patient-derived TSCs were transported to 

the screening facility in L-15 as tumorspheres on ice. Upon arrival the tumorspheres were dissociated 

into a single cell suspension and seeded using a MultiDrop Combi (Thermo Scientific) peristaltic 

dispenser. The plates were then incubated in a humidified environment at 37oC and 5% CO2 for 72 

hours before cell viability was measured using CellTiter-Glo® Luminescent Cell Viability Assay 

(Promega) with a Molecular Device Paradigm plate reader. 16 positive (100 μM benzethonium 

chloride) and 16 negative (DMSO) control wells were included on each plate for data normalization. 

The plate reader data were normalized to positive and negative controls for calculation of percentage 

survival for each data point and generation of dose-response-curves for each drug. 

 

Drug sensitivity scoring 

To quantify the drug sensitivity data and compare the drug responses between patients and control 

samples, we utilized the single measure of the drug sensitivity score (DSS)177. The DSS has been 

developed by our collaborators at the Institute for Molecular Medicine Finland, University of Helsinki, 

and is freely available as a R-package resource177. From the DSRT, the five-point dose-response curves 

were modeled by a four-parameter logistic fit function that was defined by the top and bottom 
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asymptote, the slope and the inflection point (EC50) (Fig. 6A). The DSS captures all four curve-fitting 

parameters that are used to calculate the area of drug activity between a pre-defined 10% threshold 

(level of minimum activity) and 100% inhibition (Fig. 6B-C). The score is further normalized by dividing 

the logarithm of the top asymptote to the integrated response to reduce the impact of toxic drug 

effects (i.e. effects mostly found at the highest tested concentrations)177. The possible values of DSS 

ranges between 0 and 50, where higher numbers indicate higher drug efficacy. A DSS of 0 represents 

drug responses where the maximum inhibition is <10% or EC50 ≥ the highest concentration tested. The 

DSS was developed to capture and integrate the multiparametric dose-response relationship of drug 

efficacy into a single metric and improve the sensitivity of differentiating drug responses between 

cancer and control cells. The DSS supplements and extends the commonly used single drug response 

measurements, such as IC50 or EC50 (half-maximal inhibitory/effective concentration), that in contrast 

to DSS are point estimates that only capture limited information of drug efficacy when evaluated over 

a dose range (Fig. 6C)177. Compared to traditional methods of drug efficacy evaluations, the DSS has 

been shown to better distinguish active from inactive compounds when evaluating drug efficacy over 

a range177. The DSS has further proven especially informative in capturing subtle differences between 

the drugs showing low or no activity177. To identify patient-selective drug responses, the DSS values of 

control samples were subtracted from the DSS values detected in patient samples and the differential 

response was quantified into the selective DSS (sDSS) (Fig. 6C). The limitation of obtaining healthy 

donor cells of the human central nervous system as the comparator led us to utilize two various 

databases of DSS values as the controls; namely (i) the average DSS of bone marrow cells that were 

obtained by our collaborators at FIMM from written and informed consenting healthy donors (n= up 

to 5 donor samples tested for sensitivity to the drug collections) and (ii) the average DSS in GBM that 

was derived from our developed database of drug sensitivity in GSCs (n= up to 22 patient-derived GSC 

cultures tested for sensitivity to the drug collections). The selection of reference database as control is 

stated in the respective papers when they were applied. To uncover similarities and differences of 

drug sensitivity profiles and functionally group patient-derived GSC cultures by clustering analyses, we 

used sDSSs with the GBM database as the comparator. The clinical utility of the DSRT using the DSS for 

quantification of drug efficacy has been demonstrated in different tumor entities. For instance, results 

of DSRT in patient-derived sarcoma cells correlate to clinical response patterns178, and DSRT of 

patient-derived leukemic cells can uncover patient-specific drug sensitivities that induce clinical 

remissions in heavy pre-treated patients168.  
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Cell survival assays 

Traditionally, evaluation of cell survival has utilized cell viability assays where the metabolic activity of 

cells is used as a surrogate marker for cell survival. However, such metabolic readouts do not capture 

the full spectrum of potential cell death effects and are vulnerable to potential false positive and false 

negative readouts. A false positive result may be seen in cells that have low metabolic activity or 

where a drug induces a static rather than a fatal (toxic) cellular response. A false negative result may 

be seen when a drug induces increased metabolic activity in the surviving cells. The use of various 

readouts capturing different parameters of cell death is therefore encouraged in preclinical studies179. 

In the current work, we used two different methods to examine cell survival; cell viability (tetrazolium-

based, Cell Proliferation Kit II, XTT, Roche) and cell cytotoxicity (based on cell lysis effects, CellToxTM 

Green Cytotoxicity assay, Promega) assays. The assays were performed using single cell suspensions 

where the cells were plated in serum-free, growth factor-enriched culturing conditions at a density of 

5000 cells/well. The effects of different drugs on cell survival were subsequently evaluated after 72 

hours (10 days in experiments testing the effect of TMZ) using the assay reagents according to the 

manufacturer. Colorimetric change (absorbance) was quantified in the cell viability assay, while 

fluorescence (fluorescent dye bound to free DNA) was quantified in the cell cytotoxicity assay using an 

automated plate reader (PerkinElmer EnVision). Untreated cells were used as negative control in all 

experiments.  

 

Fig. 6. Drug sensitivity score. Schematic presentation of the dose-response curve-fitting and the calculation of 
the drug sensitivity score (DSS). (A-B) From the DSRT, a 5-point dose-response is fitted by a non-linear logistic 
function. (C) According to the curve-fitting parameters, the DSS is calculated as an integral of the drug response 
in the sample (red drug response). The DSS from the control sample (green drug response) is then subtracted to 
calculate the sDSS (grey area). Note that the IC50 in the dose-response curves of samples and controls are 
similar, and effectively illustrates the challenge in using point-estimate quantifications of drug efficacy over a 
dose-range. The figure is reproduced from Yadav et al.177 with minor modifications which is licensed under a 
Creative Commons 3.0 License (http://creativecommons.org/licenses/by/3.0).   
 



 37 

Sphere-formation assays 

The sphere-formation assay, originally developed to identify and investigate NSCs172, has been widely 

utilized to identify and study TSCs in various cancers. Since cells may spontaneously merge into 

aggregates, the assay should be performed at a cell density that is sufficiently low to give rise to clonal 

spheres, i.e. at 10 cells/μL or lower171. In our experiments, spheres were dissociated to single cells and 

plated at 500 cells/well in a total volume of 200 μL to allow formation of clonal spheres. In the present 

work, we evaluated the changes in sphere-forming ability consequent to treatment with various 

inhibitors using an automated colony counter (GelCount, Oxford Optronix). Untreated cells were used 

as negative control. As a standard, sphere-formation was evaluated 10 days after the application of 

anticancer compounds.  

 

Gene expression analyses 

The genes that are expressed vary between cell types, organ systems and individuals. The amount of 

an expressed gene can be measured as the number of messenger RNA (mRNA) transcripts being 

present in a sample. Quantification of gene expression in a cell or tissue sample is widely applied in 

order to study normal as well as pathological functioning. Relative quantification of gene expression at 

the single gene level may be accomplished using polymerase chain reaction (PCR) technology, 

whereas expression of thousands of genes can be studied simultaneously using microarray or next-

generation RNA sequencing (NG-RNA-seq) technology. Large-scale gene expression analyses have 

classified GBM into at least three subtypes based on bulk tumor sampling54,55, whereas gene 

expression profiling of GSCs have identified two major subtypes of GSCs180–182.  

Real-time quantitative reverse transcription PCR (qPCR) is a precise method for quantification 

of the number of mRNA transcripts of a specific gene in a cell or tissue sample. After transcription of 

mRNA to copy DNA in vitro, repeated thermal cycles allows replication of the target region that results 

in amplification of the DNA-template in an exponential pattern. During the PCR amplification, a 

fluorescent transmitter produces a signal that is proportional to the quantity of amplicons183. In the 

present work, qPCR was performed to quantify and compare the expression of various genes in the 

undifferentiated and differentiated GSCs. 

Microarrays are used to measure the expression of thousands of genes simultaneously. 

Microarray technology allows relative quantification of mRNA transcripts from a cell type or tissue 

through a multistep process that quantify the amount of hybridization of labeled RNA to a 

complementary probe. Through appropriate replication, normalization and statistical analyses 

quantitative differences of fold-changes as low as 1.2 can be detected184. However, the multistep 

microarray technique inherently has potential sources of variation in each step of the process. 
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Because of these technical issues, transcriptomics has over recent years more commonly been 

analyzed using sequencing-based methods, such as NG-RNA-seq. NG-RNA-seq can in-detail 

characterize the entire transcriptome of a cell or tissue, including the gene expression, gene fusions 

and mutations. NG-RNA-seq has the advantage of high-throughput transcriptome-wide analysis at the 

highest resolution (single base level) with an excellent capability to differentiate between lowly and 

highly expressed genes185. In the present work, the microarray experiments and RNA-seq were 

performed to subtype the GSC cultures as either proneural or mesenchymal and explore their global 

gene expression patterns. The experiments were undertaken using the HumanHT-12 chip and HiSeq-

platform from Illumina at the Genomics and Bioinformatics Core Facility at the Norwegian Radium 

Hospital, Oslo University Hospital.  

 

DNA promoter methylation analysis 

DNA methylation is a process that adds a methyl group primarily to the cytosine nucleotide of the DNA 

molecule. Methylation represents an epigenetic modification as it can change the activity of a DNA 

segment without changing the sequence. When methylation occurs in a promoter region of a gene it 

typically acts to repress subsequent transcription. In human cells, DNA methylation is almost 

exclusively found in areas rich of CpG dinucleotides (CpG islands)186. In cancer, abnormal methylation 

of CpG islands is typically found in the promoter region of tumor suppressor genes that leads to 

silencing of important genes involved in control of cell division187. Transcriptional silencing by 

abnormal hypermethylation may be inherited by daughter cells following cell division, thus continuing 

the epigenetic modification in the cellular progenies. A subset of gliomas has been identified to harbor 

a distinct CpG-island hypermethylated phenotype (G-CIMP). These G-CIMP tumors are associated with 

younger patients and IDHmut gliomas of lower-grade, and harbors significantly improved survival 

prospects53. In GBM, methylation status of the MGMT gene promoter has important clinical 

implications and is routinely performed in the pathological review, as a methylated MGMT promoter 

is predictive for response to TMZ and associated with a favorable prognosis35. In the present work, we 

evaluated the MGMT methylation status of the GSCs cultures and their parental tumors. The 

evaluation of the methylation status of the tumor was performed during routine neuropathological 

examination using either quantitative methylation specific PCR or pyrosequencing, as previously 

described188. In the GSC cultures, MGMT status was assessed by pyrosequencing. Briefly, DNA was 

extracted using standard phenol-chloroform before the unmethylated cytosine residues of the DNA 

were converted to uracil by bisulfite treatment (EpiTect Bisulfite Kit, Qiagen) leaving the methylated 

cytosines unchanged. The MGMT status was subsequently assessed by PCR using the MGMT Pyro Kit 

(pyrosequencing, Qiagen)188.  
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Data analysis and statistical considerations 

Data analysis and graphic presentation were undertaken using GraphPad Prism 7.0/8.0, J-Express 2012 

(Molmine), Keynote 8.2, Microsoft Excel 14.7.3/16.30 and R.  

The drug sensitivity data from the DSRT were distribution-free, on a continuous scale (range 0-

50), and categorized according to the individual TSC culture. To reduce the dimensionality of the data 

and identify associations in the drug sensitivity patterns between cultures, we undertook 

correspondence analyses (Paper I-II). A correspondence analysis (CA) is a multivariate statistical 

method to display or summarize a large data set in a two-dimensional graphical form. The analysis is 

based on relative values between data points and has its advantage in identification relative 

associations in the data. The correspondence analyses were performed using J-Express 2012.  

To cluster the GSC cultures according to similarities in their drug sensitivity profiles we 

performed unsupervised hierarchical clustering analyses. Hierarchical clustering (HC) decomposes the 

data into a tree structure (dendrogram) based on group similarities. The unsupervised HC and heat 

maps were generated using J-Express 2012, GraphPad Prism 7.0/8.0, and R. 

The data from the DSRT were distribution-free such as distributive and correlative analyses of 

the drug screening data were undertaken using non-parametric methods. Statistical differences of the 

distribution of drug sensitivity to the drug collection were assessed by non-parametric one-way 

ANOVA of ranks with Kruskal Wallis test. Dunn’s test was used to correct for multiple comparisons 

(Paper I, II). The correlation analyses (paper I-IV) were performed using Spearman correlation (ρ).  

In the statistical analyses of differences between treatments (Paper IV), the results were 

analyzed by a paired sample t-test or one-way ANOVA corrected for multiple comparisons using 

Dunnett’s test. A p-value <0.05 was chosen to represent significance throughout the thesis.  
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Results 
 

Paper I 

Intertumoral heterogeneity in patient-specific drug sensitivities in treatment-naïve glioblastoma.  

 

The complex tumor heterogeneity of the newly diagnosed and untreated GBM has been widely 

described at the cellular and molecular level43,50,57,104. How tumor heterogeneity was reflected in the 

drug sensitivity patterns of GSCs to anticancer drugs was, however, unclear.  

From 12 treatment-naïve and IDHwt GBMs, we cultured surgical biopsies as tumorspheres and 

evaluated the drug sensitivity patterns of the GSC cultures to 461 different anticancer drugs using 

automated high-throughput technology. The DSRT revealed a significant difference (p <0.0001) in the 

sensitivity to the entire drug collection between the cultures. This established an inherent 

heterogeneity in the susceptibility to a large panel of anticancer drugs at the individual level. The 

individual differences stratified the GSC cultures into three major categories from least, moderate, 

and to the most sensitive cultures to anticancer drugs. However, such a stratification only described a 

small proportion of the total variance in drug sensitivity patterns. Evaluating the sensitivity of the 

individual GSC cultures according to various classes of drugs resulted in the important finding that the 

sensitivity to a drug within a distinct class indicates a broad sensitivity to all drugs within the specified 

class. For instance, a high sensitivity to a CDK-inhibitor in a GSC culture strongly correlated to 

sensitivity to all CDK-inhibitors in the drug collection in the specific culture. This was similarly found 

when evaluating drug resistance. These findings revealed that biological traits involved in drug 

sensitivity and resistance are preserved, consistent and unique in the individual GSC cultures. 

Clustering analyses by the sDSS revealed that different GSC cultures cluster based on similarities in 

their sensitivity profiles to specific drug classes. However, even in the cultures most closely related 

according to drug sensitivity profiles, there was a considerable heterogeneity to anticancer 

compounds at the individual drug level.  

We concluded that there exist an extensive intertumoral heterogeneity in sensitivity to 

anticancer drugs in the GSCs derived from the treatment-naïve GBM. The drug sensitivities displayed 

specific patterns to any given GSC culture. These findings reflect the difficulty in applying targeted 

treatments at the population level in GBM. DSRT can, however, uncover patient-specific drug 

sensitivities for functional precision medicine. 
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Paper II 

Feasibility study of using high-throughput drug sensitivity testing to target recurrent glioblastoma 

stem cells for individualized treatment. 

 

The feasibility of using autologous TSCs from solid tumors grown as tumorspheres and automated 

drug screening in a clinical translational protocol has not been established150. Building upon the 

findings of intertumoral heterogeneity in drug sensitivity patterns in the treatment-naïve GSC cultures, 

we aimed to develop and implement the ex vivo DSRT platform into a clinical translational protocol for 

identification of individualized treatment options in recurrent GBM (recGBM).  

From ten patients with recGBM, we evaluated the feasibility to establish individual recurrent 

GSC (recGSC) cultures, expand them, perform DSRT to 525 anticancer drugs, and identify treatment 

options within a ten-week time frame defined as acceptable for clinical translation. The majority of 

recGSC cultures could be serially expanded. However, due to differences in proliferative capacity, only 

50% of recGSC cultures reached adequate cell numbers within six weeks to allow DSRT. The recGSCs 

was, concordant with primary GSC cultures, found with individual differences in their appearance and 

proliferative capacity both in vitro and in vivo. The DSRT revealed an intertumoral heterogeneity in 

overall sensitivity to the drug collection. Furthermore, the drug sensitivity profiles in the individual 

cultures were consistent according to drugs within distinct classes, thereby confirming the findings of 

the untreated disease. By the sDSS, clustering of recGSC cultures was linked to similarities in drug 

sensitivity profiles to the different classes of drugs. We found, however, an extensive heterogeneity in 

the patient-specific drug sensitivity. Using curated reference databases of drug sensitivity in bone 

marrow cells from healthy donors and our developed database of drug sensitivity in GBM, we 

identified patient-specific drug sensitivities to FDA-approved drugs in all cultures. The drugs were 

represented from a variety of classes including conventional chemotherapies, estrogen-receptor 

modulators, statins and various kinase inhibitors (e.g. EGFR-, HER-, and MEK1/2 inhibitors), available 

for fast clinical translation. 

In conclusion, the study demonstrated an intertumoral heterogeneity in the individual patient-

derived recGSC cultures’ morphology, biology and drug sensitivity patterns. The study further 

established the feasibility of using autologous recGSC cultures and automated drug screening 

technology for translation of laboratory findings to tailored treatment options within a time frame 

that allows clinical decision making for individualized functional precision medicine.  
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Paper III 

Targeting tumor stem cells in therapy-resistant meningioma using drug sensitivity and resistance 

testing for individualized functional precision medicine 

 

Surgical biopsies from a range of tumors can be propagated as tumorspheres in vitro189. Expanding our 

experience from GBM, we evaluated the feasibility to implement the ex vivo DSRT platform for 

individualized treatment selection in a small cohort of patients that suffered recurrence of heavy pre-

treated meningioma.  

 Out of three patients we were able to establish individual tumor stem cell cultures from two. 

The proliferative capacity was different between the cultures, which led to one culture undergoing 

DSRT against 528 anticancer drugs after only two weeks of culturing. The second culture had a slower 

proliferative rate which led to DSRT against a limited number of drugs (n=116) after five weeks of 

culturing. In the TSC culture that underwent DSRT against a limited number of drugs, we only found 

patients-specific drug sensitivities to a few inhibitors targeting IGF1R, Bcl-xL and STAT3. None of the 

drugs were approved for clinical use, limiting the potential for rapid clinical translation. In the TSC 

culture that underwent DSRT against the complete drug collection, we similarly found patient-specific 

drug sensitivities to drugs targeting IGF1R and Bcl-xL. The TSC culture, moreover, had a particular 

susceptibility to PI3K/mTOR inhibitors. We also identified some FDA-approved drugs from different 

drug classes that demonstrated patient-specific efficacy, which included a distinct efficacy of the PDE-

3/PLA2-inhibitor anagrelide commonly used in the treatment of essential thrombocythemia. Within 

three weeks after the establishment of the individualized TSC culture we had completed the analysis 

of patient-specific drug sensitivity patterns. Within four weeks form surgery, the patient was started 

on oral treatment with anagrelide 0.5 mg twice daily informed by the DSRT. Due to thrombocytopenia, 

the patient was unable to increase the dosage of anagrelide to target dose (5 mg/day) and 

unfortunately suffered fatal disease progression in a few months.  

We concluded that the ex vivo high-throughput DSRT platform can be utilized to identify 

autologous TSC-specific therapy in recurrent meningiomas for individualized functional precision 

medicine. Treatment selection and translation of laboratory findings to the patient bedside is, 

however, more challenging in certain tumors.  
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Paper IV 

The efficacy of a coordinated pharmacological blockade in glioblastoma stem cells with nine 

repurposed drugs using the CUSP9 strategy. 

 

Polytherapeutic approaches combining compounds acting on different targets simultaneously have 

been proposed as necessary to circumvent the tumor heterogeneity in GBM43. The enormous cost of 

new oncological drugs has raised the interest in drugs with proposed anticancer activity approved for 

use in non-oncological diseases for repositioning to cancer treatment. One such approach is the 

coordinated undermining of survival paths of 9 drugs (CUSP9; aprepitant, auranofin, captopril, 

celecoxib, disulfiram, itraconazole, minocycline, quetiapine, sertraline) that combined with low-dose 

TMZ are aimed to target active signaling pathways in GBM along with the aggressive subpopulation of 

GSCs190,191. We experienced that patients adhered to this treatment outside of clinical trials within a 

do-it-yourself approach. Experimental data on CUSP9 efficacy was, however, lacking.  

 In patient-derived GSCs, we evaluated the dose-response pattern in all the drugs comprised of 

the CUSP9 and TMZ covering the clinically relevant plasma concentrations. Next, using clinically 

relevant concentrations, we found that the drugs not induced static (reduce cell viability) or toxic 

(increase cell necrosis) responses individually in primary GSC cultures. However, when the drugs were 

applied to the GSCs in a combination, they could induce a significant response across various assays 

evaluating cell survival (p <0.0001). In a total of 14 patient-derived GSC cultures from both the newly 

diagnosed and the pretreated recurrent disease, 50% of the cultures displayed a high sensitivity to the 

drug combination evaluated by cell viability and cytotoxicity assays. Compared to TMZ in 

monotherapy, the CUSP9 combination was superior in efficacy (p <0.001). We tried to identify 

possible patient- or GSC culture-specific traits associated with a high sensitivity to the combination but 

could not establish any significant patterns.  

 We concluded that the polytherapeutic treatment of CUSP9 with TMZ in clinically relevant 

concentrations may induce a combination effect in a fraction of patient-derived GSC cultures that was 

superior to TMZ in monotherapy. Although identification of biomarkers associated with response to 

CUSP9 require further profiling of the GSC cultures, our findings support clinical investigation of the 

treatment strategy. We further emphasized the importance in generating experimental data of 

treatment strategies that are easily available for patients outside of specialized neuro-oncology 

treatment centers for delineation of efficacy and toxicity. 
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Discussion and methodological considerations 
 

Functional heterogeneity in glioblastoma 

The complex tumor heterogeneity in GBM indicates that treatments should be developed based on 

tumor-specific traits unique to the individual patient. The challenge of translating cancer genetics to 

clinically actionable strategies suggests a need to develop methods to profile cancer cells more 

functionally148. The work in this thesis aims to link these issues by functionally profiling patient-derived 

GSCs in terms of drug sensitivities for identification of novel treatment options for the individual 

patient.  

Using automated high-throughput technology for ex vivo DSRT of patient-derived GSCs, the 

results presented in this thesis provide experimental evidence of an extensive intertumoral 

heterogeneity in drug sensitivity patterns in GSCs from both the primary and recurrent GBM. This 

heterogeneity of drug responses in GSCs ex vivo reflects the heterogeneous treatment responses 

observed in both patients that receive the standard-of-care drug TMZ35 or more targeted therapies in 

experimental trials162–164. Our results add a functional dimension to the well-described molecular and 

cellular heterogeneity in GBM42–44. They further suggest that it is difficult to develop systemic 

treatments that are effective to a large fraction of patients in a heterogeneous GBM population.  

Attempts at more individualized treatments using genomics-driven approaches for treatment 

selection have had very limited success in GBM161,165. As an alternative strategy, functional profiling of 

patient-derived tumor cells may facilitate the identification of the patients most likely to respond to 

specific anticancer drugs168. The overall goal of the work was therefore to establish a clinical 

translational protocol utilizing GSCs and automated DSRT for individualized treatment. The rapid 

progression of a GBM leaves limited time to perform the required preclinical work-up for such a trial. 

We demonstrate, however, that it is feasible to establish cultures and perform DSRT within a time 

frame that allows clinical application. Moreover, in the patients suffering recurrence of a GBM, the 

DSRT allowed us to identify patient-selective drug sensitivities readily available for clinical use for 

individualized functional precision medicine.  

 

Patient-derived glioblastoma stem cells as an individualized model of glioblastoma 

The present work is founded on GSCs as a model system of GBM. For a preclinical tumor model to be 

relevant it must be reliable, reproducible and preserve key features of the human disease while 

retaining the individuality of the parent tumor. Such features require the GSCs to successfully 

establish cultures, grow with diffuse invasion in vivo, preserve core molecular traits of the original 

tumor and reflect the tumor-to-tumor variability found in patients.  
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The success rate of propagating GSCs as tumorspheres from surgical biopsies is over 70% in 

experienced laboratories137,139,192. The tumorigenicity of GSCs upon orthotopic xenografting is also 

robust128. In an earlier report from our group, cultures were successfully established from 23 out of 32 

(72%) biopsies and invasive tumors were formed in 49 out of 52 (94%) xenografts137. In the present 

work, we successfully established cultures from recGBM in 70% of the patients while invasive tumors 

were formed in all xenografted cultures derived from the treatment-naïve GBM (Paper I, IV), and in six 

of the seven xenografted recGSC cultures (Paper II). This reliability of cell culture generation is 

essential when patient-derived GSCs are considered for use in a clinical setting. The reproducibility of 

the stem cell phenotype of the GSCs is further of major importance, as the extensive requirement of 

cells for DSRT, that combined with the limited time to expand them in vitro, do not make cellular 

validation of stem-cell properties in the individual cultures timely feasible.  

In order to represent a patient-specific model, the GSCs must preserve unique traits of their 

parental tumor. Molecularly, GSCs both in culture and after transplantation, preserve the core 

molecular alterations of the original tumor125–128,131. Pathologically, xenografted GSCs induce tumors 

that recapitulate the pathological features of GBM and conserve unique histological components of 

the parent tumor101,104,109,125. Phenotypically, the invasiveness of the xenograft seems to correlate with 

the invasive features of the tumor in the patient evaluated by MRI/FLAIR imaging109,125. Patient-

derived GSCs also preserve individuality, as they display culture-specific morphology and behavior that 

reflects the heterogeneous biology in patients104,109,125,128,131. This is observed in the individual 

spheroid’s phenotype, proliferative capacity, morphology of differentiation, expression of stem cell 

markers, tumor formation characteristics (e.g. volume, invasion) and response to current 

therapies104,128,131.  

The robustness of GSCs to reflect the biology of GBM stands in contrast to the traditional 

glioma cell lines grown in serum. These immortalized cell lines, which are widely used in preclinical 

research, are of limited value as model systems as they do not share the genotype associated with 

GBM, not all are tumorigenic in mice, and they fail to reflect the biological diversity of the 

disease169,170.  

Since their identification in the early 2000s101, patient-derived GSCs have emerged as the 

currently most biologically and phenotypically relevant cells to model the GBM found in patients. The 

individualized cultures form the fundament for the clinical protocol in this work and is based on the 

consideration that the GSCs represent a simplified, however, living model of the tumor of which they 

were derived138.  
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The clinical relevance of glioblastoma stem cells 

The use of reductionistic experimental models to understand composite structures and processes has 

been a success factor in neuroscience throughout the 20th century193. A model system, whether it is 

cell-, tissue- or animal based is, however, always limited compared to a real-world situation in the 

human brain194. In the case of tumors, the clinical relevance of the model relies on its ability to reflect 

the tumor biology and be of predictive or translational value for patients. The extensive 

characterization of GSCs has not translated into improved treatments so far. The GSC model, however, 

provide explanations for both treatment resistance and tumor recurrence, and has clinical predictive 

relevance for patients.  

Despite multimodal therapy, GBM usually relapse within 9 months of primary surgery34,63. The 

regrowth is attributed to the therapeutic resistance of GSCs104,112,114. In the homeostasis of organs 

with a rapid cellular turnover (e.g. bone marrow, gut, skin), stem cells maintain the organ integrity by 

continuously replenishing it with new cells. Stem cells are therefore equipped with enhanced defense 

mechanisms as the depletion of the stem cell pool in these organs will have detrimental effects to the 

organism195. Consequently, stem cells have improved survival that is clinically evident for example in 

chemotherapy-induced alopecia, which commonly occurs during the first weeks of treatment and is 

usually reversed within six months after treatment cessation196. Across various cancers, TSCs utilize 

mechanisms similar to somatic stem cells to withstand the influence of toxic compounds195,197. That 

similar molecular systems are activated across various cancers suggests that these mechanisms are 

intrinsic cellular properties.  

GSCs are similarly equipped with protective systems that they share with normal stem cells. 

This includes enhanced repair of DNA damage, impaired induction of apoptosis, and expression of 

ABC-type transporters195,198. GSCs propagated as tumorspheres further have increased expression of 

multidrug resistance genes compared to cells grown under adherent condition199,200. Experimental 

studies have shown that both RT112,113 and chemotherapy104,114,201,202 kill the bulk of tumor cells, while 

the GSCs show increased resistance. Collectively, this provide a biological rationale and an explanation 

for the inevitable regrowth of a GBM. 

GSCs propagated from GBM biopsies also have predictive relevance for patients. For instance, 

the ability of cells from biopsies to form tumorspheres in vitro has in three studies been found to be 

an independent negative predictor for survival137,139,140 (Fig. 7A). This even has a stronger predictive 

power than established predictors as age, Ki67- and CD133 expression203. The sphere-forming ability 

further correlates to the grade of malignancy in glioma132, in keeping with the observation that the 

presence of stem cell markers (e.g. CD133, nestin) increases with higher grade of malignancy in 

astrocytomas204. Examinations of post-mortem brains have also identified stem cell markers that are 

present in and around gliomas, and their level of expression negatively correlate to prognosis205. Our 
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group has previously reported the clinical relevance of GSCs, as a gene signature of 30 highly 

expressed genes in the GSCs compared to adult human NSCs predicts clinical outcome (Fig. 7B)121 

Individualized GSC cultures further have clinical predictive value as the sensitivity to TMZ in vitro 

correlates to patient survival140 (Fig. 7C). Interestingly, we found that the recGSC cultures, that in 

principle should be TMZ resistant due to tumor regrowth, were insensitive to TMZ (Paper II). In the 

case of the recurrent meningioma, the resistance of the TSCs to TMZ in vitro correlated to the 

immediate tumor progression in the patient when started on TMZ treatment (Paper III). In contrast, 

the cultures derived from the untreated GBM demonstrated a heterogeneous response to TMZ (Paper 

IV). Taken together, these observations suggest that the experimental and clinical situation reflect 

each other with regard to TMZ sensitivity.  

 

Limitations of the glioblastoma stem cell model  

Despite the robustness of GSCs to model GBM, there are controversies to the concept of GSCs related 

to issues of enrichment markers, plasticity, and the cell-of-origin.   

Development of accurate and reliable methods for detection and isolation of the GSCs is 

highly desirable. However, at present we lack a marker to prospectively identify the GSC population. 

The initial enthusiasm around CD133 as a marker to isolate GSCs was later halted when it turned out 

that CD133 expression is neither a sufficient nor necessary characteristic of GSCs206. A number of 

other markers have been proposed (e.g. CD15, CD44, CXCR4), but they all struggle with the variable 

expression between tumors103. In keeping with this, we observed a considerable heterogeneity in the 

expression of stem cell markers between the cultures.  

The identification of GSCs has changed our view of GBM ontology. According to the cancer 

stem cell hypothesis, GBM evolution follows a development mimicking that seen during development 

of an organ system with a stem-like cell at the top of a proliferative hierarchy101,207,208. Despite the 

identification of GSCs in GBM, it remains a problem that the cell-of-origin has not been established. 

Fig. 7. Clinical relevance of GSCs. (A) The formation of spheres in vitro from GBM biopsies is a negative predictor 
for overall survival (arrow). From Pallini et al.203 (B) A GSC gene signature is a negative predictor for overall 
survival (arrow). From Sandberg et al.121 (C) The sensitivity of GSCs to TMZ is correlated to improved survival 
(arrow). From D’Alessandris et al.140 
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NSCs has been suggested as the origin of GSCs due to their inherent stem cell program and the 

utilization of similar signaling pathways120,121,207. A recent study sampled biopsies from both the GBM 

and the tumor-free subventricular zone (SVZ) in the same patient, the latter known to represent a 

niche for NSCs122. The cells obtained from the SVZ contained driver mutations of the GBM, pointing to 

NSCs as the cellular origin. This is in line with the recent observation that the glioma-initiating 

potential is impeded with an increasing lineage restriction in neuronal cells209. The situation is 

complicated, however, as GSCs may represent a plastic cellular entity that can be formed by 

dedifferentiation from a more differentiated progeny117. A strict hierarchical structure of GBM 

development has also recently been challenged, as GSCs may not represent a clonal entity but rather 

a plastic state that different cancer cells in the tumor can adopt as instructed by the tumor 

microenvironment56,119. This plasticity can further give rise to different GSC populations within one 

single tumor upon xenografting116,129,210. A consequence of this plasticity is that one cannot make any 

claim about the frequency of GSCs within a GBM. It also does not reduce the role of more 

differentiated cells for tumor maintenance. This further challenge the potential of treatments 

targeting the GSC population based on data obtained ex vivo, as they may be different from in vivo. 

However, even if the CSC model in some ways is fairly well substantiated and the hypothesis that 

targeting the GSCs is required to treat the tumor is attractive, uncertainties and controversies still 

exist, and most of all: only a few clinical investigations have so far evaluated autologous GSC directed 

therapies137,211. 

 

Selective culturing to establish patient-specific tumor models  

In the absence of selective markers, GSCs are mostly identified using functional assays103,212. In the 

present work, we used selective culturing conditions to enrich for GSCs from tumor biopsies. The use 

of serum-free and growth factor-enriched conditions was initially applied to isolate NSCs obtained 

from the mouse84 and later human brain86 before it was utilized to isolate GSCs99. Similar culturing 

conditions have later been used to successfully isolate TSCs in tumors from the brain and other 

organs96,213–215. However, the use of selective culturing to establish patient-specific tumor models have 

both advantages and disadvantages in translational studies.  

 Selective culturing is a robust method for enriching GSCs in vitro. Under defined conditions, 

the GSCs are selected by their ability to proliferate, whereas cells lacking this ability are eliminated. 

The selection of a particular cell population may represent a strength in clinical translational studies as 

it defines the target population. In the case of GBM, the GSCs represent a well-characterized 

population with clinically relevant features. However, the selection of the aggressive GSCs result in 

loss of parts of the cellular spectrum found in the parental tumor. Although individualized GSC 
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cultures can maintain a range of clones that preserves a cellular heterogeneity116,130, these selected 

cell cultures lack cell types that are important in the GBM microenvironment176,216. Consequently, 

different culturing condition could select cells with different functional properties217,218.  

A strategy for a more complete preservation of the original tumor’s complexity is direct 

xenografting of tumor fragments to rodents in order to establish patient-specific orthotopic avatar 

models212. Proportional differences limit the size of the tumor fragment for grafting, and as GBMs 

contain a heterogeneously distributed mixture of cells and subclones, one may only portray a part of 

the larger picture utilizing this strategy57,59. A recent study also reported that tumor biopsies directly 

grafted to mice continuously accumulated copy number alterations upon passaging, indicating clonal 

selection of tumor cells in vivo219. Subsequently, the genetic instability progressively distanced the 

avatar models from the primary tumor. This represents a limitation when avatars are considered for 

use as patient-specific tumor models. The rapid progression of a GBM further limits the potential to 

utilize the time-consuming maintenance of avatar models in translational studies.  

Establishing and maintaining patient-specific cell cultures is faster and less labor-intensive 

than rodent models. This is advantageous when developing autologous GSC directed therapy137. 

However, cells may also change in culture. Although the GSC cultures are stable for 10 passages, 

culturing beyond this can lead to changes in the culture profile at the transcriptional and genomic 

level220 and alter the drug sensitivity profile221. Consequently, low-passage cultures containing a well-

characterized cell population should be used in clinical translational studies.  

As a compromise between the in vitro and in vivo models, glioma organoids, where GSCs are 

allowed to intermingle with a 3D extracellular matrix, has recently been developed. These models 

offer the advantage of an artificial host-to-tumor interaction and is a promising way of studying the 

real-time biology of GSCs222–225. However, it remains to establish whether individualized organoids can 

serve as patient-specific tumor models that can be utilized in translational studies.   

 

Preclinical drug development studies in glioblastoma  

Drug sensitivity testing of cancer cells in vitro has been important in drug development in cancer226, 

including GBM227,228, for decades. Such preclinical drug development studies typically follow a 

standard design. They are primarily based on the search for a treatment that is universally effective 

within a histologically specific tumor type, e.g. by identifying compounds that are broadly effective in 

several cell cultures in vitro, which further are validated in a few selected cultures in vivo, before 

moving on to early phase clinical trials229–232.  

The decision to advance a compound into clinical investigations is founded upon the results 

from preclinical studies. Although oncological drugs may seem promising at the preclinical stage, they 
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have a high failure rate in trials. A reason for this may be that the preclinical study design not 

adequately reflects how the disease manifests in a population. In GBM, for instance, tumor 

heterogeneity between patients is well-established. This extensive heterogeneity may be a reason for 

why new treatments over the past 15 years have not yielded survival benefit in patients43. It further 

indicates that new therapies should be more tailored to the individual patient. However, taking tumor 

heterogeneity into account is largely underappreciated in preclinical studies. Such studies almost 

uniformly still aim to identify compounds that are effective across a number of patients233–237. When 

the results of such preclinical studies form the basis for further testing in patients, it consequently 

implies that one is looking for a treatment effect in many patients in a heterogeneous GBM 

population. The clinical observations and results from numerous early- and late-phase trials over the 

past 15 years suggests that this is difficult to achieve157–165. 

 Decades before both the cancer stem cell hypothesis evolved, and the widespread molecular 

heterogeneity was discovered, preclinical evidence pointed to that these tumors were heterogeneous 

in terms of drug sensitivity227,228. This observation in the 1980s is in keeping with the extensive 

heterogeneity in drug sensitivity of patient-derived GSCs presented throughout this thesis. This is also 

in line with the heterogeneous responses to oncological drugs observed in patients. For example, 

variable treatment responses to TMZ were recognized already from the initial landmark study that 

established the current standard-of-care36. Reverse translational studies have later reproduced and 

preclinically established that GSCs display a similar heterogeneity in sensitivity to TMZ both in vitro238 

and in vivo104,128. Variable treatment responses are also observed in clinical trials that evaluate more 

targeted therapies. For instance, early-phase trials in GBM usually report a minority of responders in 

the range of 5-20%162–164,239. Such heterogeneous responses are even observed when selected 

therapies are appropriately matched to biomarkers165. The extensive heterogeneity in drug sensitivity 

patterns in patient-derived GSCs presented in this thesis is in accordance with these clinical 

observations of heterogeneous treatment responses in patients. It further challenges the traditional 

and widely adopted design in preclinical drug discovery studies, as it inadequately reflects the disease 

in a real-world population.  

 

Drug sensitivity and resistance testing in glioblastoma stem cells 

This thesis comprehensively explored the drug sensitivity patterns in patient-derived GSCs. The use of 

automated technology for both the drug sensitivity testing and the drug sensitivity scoring represents 

an unbiased approach for functional profiling. The DSRT platform easily compile the complex drug-

response profiling into a single metric as the DSS. The DSS can readily be used to compare results 
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between cancer types, normal cells and patients. This represents a methodological strength when the 

aim is to explore heterogeneity.  

The functional profiling revealed an extensive intertumoral heterogeneity to anticancer drugs 

in GSCs derived from both the treatment-naïve (Paper I) and recurrent GBMs (Paper II). The DSRT 

could categorize the patient-derived GSCs into subtypes based on overall sensitivity (Paper I-II). It 

further revealed a consistent drug sensitivity pattern to drugs with similar bioactivity in the individual 

cultures (Paper I-III). This suggests that the GSCs preserve individual biological traits involved in drug 

sensitivity and resistance (Paper I-III). A fraction of the primary and the recurrent cultures 

demonstrated increased sensitivity to different tyrosine kinase inhibitors, further indicating that 

selected GSCs are driven by various receptor tyrosine kinase signaling pathways (Paper I-II). 

Unsupervised clustering of the cultures according to drug sensitivity revealed that cultures with 

related drug sensitivity profiles were correlated, supporting that DSRT can derive biologically relevant 

data. Collectively, these findings show that GSCs display an extensive intertumoral heterogeneity 

regarding drug sensitivity, that the GSCs preserve biological traits involved in drug sensitivity and can 

be functionally profiled to identify individualized treatments.   

These findings may help to explain the variable responses observed in clinical trials in GBM162–

164,239. For example, a number of different FDA-approved oncological drugs (e.g. afatinib, irinotecan, 

nintedanib, paclitaxel, tamoxifen, temsirolimus, and topotecan) have been tested in clinical trials in 

GBM without significant success (discussed in paper I-II). Individual responders were, however, usually 

reported. This suggests either that the drugs have no activity in the disease, or more likely that the 

individual or subgroup of patients has not appropriately been identified. This latter assumption 

corresponds well with the heterogeneous drug sensitivity patterns that was found by DSRT 

throughout this work. This assumption further indicates that conclusions of limited efficacy of more 

targeted treatments that fail to produce a survival benefit in a total trial cohort may be erroneous, as 

an observed range of responses could be explained by various sensitivity of the tumor cells to 

anticancer therapies (type II error). This notion is supported by the functional heterogeneity in drug 

sensitivities described in this work. Consequently, the functional profiling by DSRT may identify 

candidate patients for tailored therapies. 

 

Clinical translation of in vitro drug sensitivity profiling 

The use of drug sensitivity profiling in vitro to guide treatment is not a new concept. Within infectious 

diseases the strategy of testing bacterial sensitivity was developed in the 1960s and is routinely used 

to identify the most effective antibiotics240. Within oncology, prospective trials using in vitro 
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chemosensitivity testing for individualized therapy selection has been conducted in a variety of 

cancers, including breast241, gastric242, lung243,244, ovarian245–248, and mesothelioma249. 

A similar approach for translating in vitro drug sensitivity to GBM treatment was proposed 

already in the 1980s228 and a prospective trial was conducted almost two decades ago250. In that 

study, patient-derived GBM cell cultures were established from 40 patients and cultured under serum-

containing conditions before their sensitivity to 30 different anticancer drugs were evaluated. Based 

on the drug sensitivity testing, the patients were subsequently treated with an individualized 

chemotherapy regimen. The results were encouraging with a median survival of 20.5 months. A later 

retrospective evaluation of the total cohort of 74 patients published in 2010 revealed that 

individualized drug treatment resulted in favorable overall survival rates (19.4 months vs. 14.6 

months), especially in the subgroup of MGMT unmethylated patients (15.1 months vs. 12.6 months), 

compared to the data of patients treated with the Stupp regimen251. An important limitation was that 

serum-containing cell cultures were used in the study169,170.  

A recent study prospectively evaluated the predictive value of drug sensitivity profiling of 

patient-derived tumor cell cultures obtained primarily from IDHmut GBM252. They reported an over 6 

times increased time to recurrence (20 months vs. 3 months) in patients categorized as sensitive to 

TMZ in vitro. Although encouraging for the predictive value of drug sensitivity testing, whether these 

results apply to GSCs is unclear, as they also cultured the tumor biopsies in serum.  

In general, some protocols using in vitro drug sensitivity profiling for patient treatment have 

over the years resulted in improved patient response rates compared to empiric regimens in various 

cancers. It was, however, early pointed out that even if in vitro selected chemotherapy seemed to 

have advantages, improved survival had not been documented253. As a consequence, in vitro 

chemosensitivity profiling has not reached wide applications and still represent experimental 

protocols.  

Improvements in both biological and technical tools have over recent years again raised the 

interest in drug sensitivity testing to guide treatment148. The development of the cancer stem cell field 

has, moreover, given us a model system that is both more relevant biologically and suitable for 

automated high-throughput technology105. This has translated into a recent registered phase 0/1 trial 

utilizing high-throughput drug screening to target cancer stem cells in GBM (NCT02654964). However, 

whether individualized treatments derived from drug sensitivity testing of autologous GSCs is clinically 

useful awaits prospective investigations. 
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The promise of translating in vitro drug sensitivity to clinical utility in the future 

There may be several reasons to why in vitro drug sensitivity testing as guidance for individualized 

treatment not has resulted in better clinical results. Firstly, these assays were developed, and the trials 

conducted, before the era of cancer stem cell biology, and a major limitation has been the failure to 

culture tumor cells that were representative of the human disease169. Secondly, these studies 

commonly evaluated chemosensitivity in a mixture of both cancer and stromal cells. Although tumors 

comprise a heterogeneous mixture of cell types, a variable composition of cells in culture may 

influence the drug sensitivity profiles217. As a result, the drug sensitivity profiles are not specific for the 

tumor cells. Thirdly, earlier studies have in general evaluated drug sensitivity to conventional 

chemotherapeutic drugs251,254. To a large extent they target both cancer and normal cells in vitro168, 

and thus have narrow therapeutic windows that are difficult to translate to patient care.  

In contrast, the present work evaluated drug sensitivity in the well-characterized GSC model 

which is known to retain key characteristics of GBM. It is already known that TMZ sensitivity in GSC 

cultures correlate to patient survival140. A recent study also showed that drug sensitivity in patient-

derived GSCs cultured as tumorspheres was concordant with patient responses to targeted 

therapies189. This indicate that clinically relevant drug sensitivity data can be derived from GSC 

cultures. The present work further focused on a collection of more targeted drugs known to have 

wider therapeutic windows168. Drugs with a wider therapeutic window should have less potential toxic 

effects and are thought to be easier to translate to patient care.  

 

Identification of individualized treatment 

The intertumoral heterogeneity of GBM indicates that treatment should be chosen based upon tumor 

traits specific for the individual patient. Genomic-driven oncology has been the most frequently used 

approach for individualized treatments; however, such strategies only allow clinical decision making in 

a small minority of evaluated patients149–151. The fraction of patients that subsequently experience 

clinical benefit is even less155.  

There are several reasons why genomics-driven strategies have limited ability to identify 

individualized treatments across heterogeneous patient populations. Firstly, only few approved 

targeted cancer drugs have established biomarkers255. Secondly, several possible drugs for 

repurposing (e.g. chloroquine, disulfiram, statins) will not be identified for individualized treatment 

using current molecular techniques. Thirdly, even when a relevant genetic alteration can be matched 

to a targeted the drug, it is not tantamount with a consequent functional inhibition, neither 

preclinically nor clinically165,166,256. Fourthly, the complexity of the cancer genome cannot be 

underestimated, such as genome panels for specific genes or even whole exome sequencing (~2% of 
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the genes in the genome) only captures limited information related to cancer proliferation, survival 

and vulnerability. Epigenetic modifications and non-coding regions containing regulatory elements are 

also essential in tumor progression but are currently of limited availability as druggable targets187. 

Functional testing of the individual patient’s cancer cells ex vivo, however, may both allow a larger 

fraction of screened patients to receive tailored treatment and improve the efficacy of precision 

medicine at the individual level148. 

 In the present work, six GSC cultures from recGBM (Paper II) and two TSC cultures (Paper III) 

from recurrent meningioma underwent DSRT with the aim of identifying options for individualized 

treatment (Paper II-III). In 7 out of the 8 cultures (87.5%), at least 50 different drugs (out of >500) 

were effective (DSS ≥10) in the individual culture. To nominate a drug as an option for patient 

treatment out of over 50 effective drugs requires considerations of both drug-related (e.g. potency, 

biodistribution) and patient-related (e.g. specificity of drug response) factors.  

Selected classes of drugs are known to be very potent in vitro. This includes, for instance, 

different conventional chemotherapies and proteasome inhibitors168. The high potency of these drugs 

in vitro may account for why they are repeatedly identified and highlighted in drug discovery 

studies236,237. For example, the topoisomerase inhibitor mitoxantrone was found to be effective 

against glioma cells in vitro almost thirty years ago257. It has later been tested both as systemic and 

loco-regional treatment without gaining wide clinical attention258. One reason may be limited 

penetration across the blood-brain-barrier (BBB)259. In spite of this, a recent study still nominated the 

drug as potential GBM treatment237. Similarly, the DNA-/RNA protein synthesis inhibitor dactinomycin 

and the proteasome inhibitor bortezomib have repeatedly been highlighted as candidates for clinical 

use229,234,236,237,254,260, but the concentrations needed to kill tumor cells are also toxic to normal cell 

populations168,178,261. Success in systemic cancer treatment is dependent on the differential response 

of a higher efficacy in cancer cells while sparing the normal cell populations. That differential 

responses define the potential therapeutic opportunity was postulated already in the 16th century by 

the father of modern toxicology, Paracelsus (1493-1541), who stated that all things are poison and 

“solely the dose determines that a thing is not a poison” (sola dosis facit venenum)262. Features of 

clinically relevant concentrations and delineation of selective efficacy in cancer cells compared to 

normal cells are, unfortunately, often underappreciated in preclinical studies (discussed in Paper 

IV)263.  

In the present work, the quantification of drug efficacy by the DSS readily allows comparison 

of drug responses between cancers and controls for identification of selective responses (sDSS)177. 

DSRT in different cancer types and in normal cell populations from healthy donors (e.g. bone marrow 

or mesenchymal cells) has established reference databases of drug sensitivity to various cell 

types168,178. Comparing drug responses in the individual cultures to the drug responses using reference 
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databases identified patient-specific and tumor-selective drug sensitivities. This utilization of DSS and 

sDSS represent a methodological strength when aiming to translate ex vivo DSRT to individualized 

functional precision medicine.   

There are also limitations to the ex vivo DSRT platform for identification of individualized 

treatment options. Firstly, the DSRT expose the cells to drugs for 72 hours. Drugs that potentially 

benefit from longer incubation (e.g. alkylating agents and PARP-inhibitors) may turn out as false 

negatives. This even applies to TMZ, that may require up to 10 days of exposure to cells in vitro when 

tested for efficacy in clinically relevant concentrations229. Secondly, the DSRT utilize one response 

assay to evaluate drug sensitivity. Different assays that captures different aspects of cell death may 

create more robust preclinical data of drug efficacy (discussed in Paper IV)179. Thirdly, while the DSRT 

evaluate single compound activity, the tumor heterogeneity in GBM suggests that single compound 

treatment may be of limited clinical value43. It would therefore be of interest to test combinations of 

drugs. Such evaluations would vastly increase the requirements of cell numbers, which represent the 

major rate limiting factor in the clinical translational protocol. However, the drug collection in the 

DSRT platform is adaptable and can be adjusted to evaluate combinations that seems of interest in the 

individual patient. 

The deciphering of the intratumoral heterogeneity within a single GBM presents new 

challenges in the identification of patient-specific drug sensitivities56,57,59. A recent study isolated 

several GSC clones from a single GBM and found functional and genomic clone-by-clone differences 

that influenced drug sensitivity patterns264. Clones derived from the same tumor had, moreover, 

different MGMT methylation status and various sensitivity to TMZ. The finding of clonal variation in 

drug sensitivity was further confirmed in a larger drug collection of 98 compounds. This points to an 

inherent intratumoral heterogeneity in drug sensitivity to anticancer drugs in GBM. Similar findings 

were recently reported by an independent group265. After isolation of different tumor cell clones from 

the same tumor, they described clonal variation in both drug- and radioresistance that correlated to 

the subtype. Clones of proneural subtype were associated with increased sensitivity to oncological 

treatments as compared to the mesenchymal counterpart265. Collectively, these studies suggest that 

individualized treatment derived by functional profiling at the culture level will not capture the total 

variation of drug sensitivities at the clonal level. This highlight a limitation to the presented clinical 

protocol in the thesis.  
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Selection of individualized treatment for functional precision medicine 

There are several considerations that must be taken into account when selecting drugs for 

individualized treatment based on functional profiling ex vivo, including patient-specific efficacy, 

clinical availability and biodistributive properties.  

Based on the results from the DSRT, drugs were considered as an option for individualized 

treatment if we identified a distinct patient-specific response (DSS ≥10, sDSS ≥5) to a drug that was 

available for clinical translation (primarily of approved status). Drugs fulfilling these criteria were 

identified in all evaluated GSC cultures. However, the number of drugs varied between the cultures, 

and the majority of drugs with selective effect in individual cultures are in clinical trials, suggesting 

that selection of therapy is more challenging in certain tumors. Moreover, the availability of study 

drugs relies on the pharmaceutical companies’ willingness to provide access to their drugs outside 

their development plan, which is not a simple feat.   

For successful treatment of patients, the drug must reach therapeutic concentrations in the 

target organ. Drugs identified based on the ex vivo DSRT as potentials for individualized treatment 

must therefore be reviewed for their biodistributive properties. As the brain is protected behind the 

BBB to prevent harmful agents to reach the neuronal structures, it is impermeable to many anticancer 

compounds266. When it comes to brain tumors, establishing the biodistributive properties of 

anticancer drugs therefore represent a particular challenge.  

The BBB selectively restricts movements of substances to the CNS266. Disease processes may, 

however, influence the permeability of the barrier. For example, the BBB is disrupted within a GBM, 

which is evident by the contrast-enhanced border that delineates the tumor on an MRI267. However, 

the surgery aims to remove this contrast-enhancing part of the tumor. It is the invasive cells in the 

brain parenchyma, unreachable for surgery, that are responsible for the tumor regrowth. To target 

the invasive cells, the drug concentration must reach therapeutic levels in the brain parenchyma. The 

penetrability and brain tissue concentrations of most anticancer drugs, including TMZ, are 

unfortunately unknown268,269. One reason for this is that most studies that evaluate BBB penetrability 

of cancer drugs use indirect measurements (e.g. cerebrospinal fluid or intratumoral concentrations) 

rather than brain parenchymal concentrations of the drug267–269. The consideration of BBB 

penetrability of anticancer compounds in the drug collection therefore largely relies on theoretically 

derived factors that determine a substance ability to cross the barrier.  

The physiology of the BBB is complex, and the penetrability of molecules depends on several 

factors including size, molecular weight, lipid solubility, plasma protein binding, cerebral blood flow 

and brain-to-blood efflux systems270,271. Even the circadian clock may influence the permeability across 

the BBB, such that timing of drug administration could be relevant in order to reach higher tissue 

concentrations272. In order to better predict BBB penetrability a number of in vitro and in silico models 
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has been developed273. In order to enhance BBB penetrability emerging technologies, such as 

nanoparticles, liposomal coverings, efflux transport inhibitors and physical disruptions are under 

development267,274. Testing of focused ultrasound for mechanical disruption is already in human 

trials275. However, the actual concentration that is possible to reach in the brain parenchyma is for 

most of the individual anticancer drugs unknown. Taken together, the selection of drug(s) for 

individualized therapy is not an easy feat and must be undertaken by careful consideration of efficacy, 

specificity, toxicity and biodistribution.  

 

Repurposing alternatives 

A broader application of the DSRT is the potential identification of repurposing alternatives of drugs 

used for other diseases168,276. The explosive costs of new oncological drugs have further raised the 

awareness of repositioning drugs used for other non-oncological indications to cancer therapies277–279. 

The median time and developmental costs to bring a new cancer drug from the laboratory bench to 

final approval for clinical use is estimated to be at least 7 years and $650 million, respectively280. By 

repurposing a drug, both can be reduced. Several drugs with proposed anticancer activity used in non-

oncological diseases have been suggested to have potential within cancer treatment. These include 

chloroquine (antimalarial drug)281, disulfiram (used in alcohol aversion therapy)282, and statins 

(cholesterol lowering agent)283. The two formers are already in clinical trials for GBM 

(NCT02378532)231. The emerging field of drug repurposing has launched multi-national project 

networks284, led to extensive reviews of drugs with potential anti-GBM activity285–288, and to proposed 

treatment protocols190,289. The easy availability of such drugs outside of specialist centers has even led 

patients to embark on individual treatments on their own.  

 At the individual level, DSRT may identify opportunities of approved drugs to be repurposed to 

the specific patient. At the disease level, DSRT may identify drugs that are effective in subgroups of 

patients. In the present work, the drug collection consisted primarily of compounds approved or 

under development for cancer therapy. However, it also included drugs used in non-oncological 

diseases, such as anti-infectives, anti-inflammatories and statins. For some of these drugs not 

routinely used as anticancer agents (e.g. the anti-fungal itraconazole, the immunosuppressant 

methylprednisolone, the NSAID celecoxib), we observed low activity. For other drugs (e.g. the statins 

atorvastatin and simvastatin, the anti-malarial chloroquine, the anti-rheumatic auranofin), we 

observed a specific efficacy in selected cultures. It is therefore unlikely that these drugs will produce a 

substantial overall survival benefit in a heterogeneous GBM population. Some may, however, be of 

benefit in individuals or subgroups of patients.   
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Combinations of repurposed drugs for treatment 

There is an emerging interest in the use of drug combinations in order to address tumor 

heterogeneity43. The coordinated undermining of survival paths by nine drugs (CUSP9) combined with 

TMZ represents a theoretically derived treatment strategy utilizing repurposed drugs in a 

polytherapeutic combination. In contrast to the functional precision medicine approach utilizing 

patient-specific GSCs and DSRT for individualized treatment, this combination treatment is founded 

upon the rationale to target several different pathways simultaneously in order to hinder the cancer 

cells escaping the challenge of a single drug (Fig. 8)190,191.  

The concept of attacking several targets simultaneously to control a disease is not new. The 

successes in controlling human immunodeficient virus (HIV) and tuberculosis are founded upon 

combinations of different anti-infectives. The rationale behind the first combinational 

chemotherapeutic regimen that reported to cure a leukemia patient in 1964 (the VAMP-regimen; 

vincristine, amethopterin, mercaptopurine and prednisone), was to synergize and employ different 

attacking mechanisms simultaneously290. Today, combinations of chemotherapies are used with 

curative intentions in both hematological291,292 and solid cancers293,294.  

The CUSP9, however, consists of drugs with known safety profiles that have been used in non-

oncological disorders for decades. The easy availability of these drugs has led patient to start using 

this combination of drugs within a do-it-yourself (DIY) approach. Despite the extensive literature 

review the CUSP9 concept was founded upon, it essentially lacked supporting experimental data. With 

a pragmatic approach to evaluate efficacy, we used clinically relevant drug concentrations and showed 

that the drug combination induced an effect in around half of the patient-derived GSC cultures in vitro 

(Paper IV). The evaluation of a nine-drug regimen in the laboratory is complex and the potential 

clinical utility of such a study is uncertain (discussed in Paper IV), but we note with interest that our 

preclinical data correspond well with preliminary results from a clinical trial (NCT02770378) evaluating 

the CUSP9 in ten patients with recurrent GBM295,296.  

Although the DSRT-based strategy for individualized treatment and the fixed multi-drug CUSP9 

treatment conceptually contrast each other, they may serve different GBM patients in experimental 

investigations. For instance, in the patients where GSC expansion is insufficient for DSRT, or where the 

DSRT only identifies drugs for individualized treatment that are unavailable for clinical use (e.g. 

investigational drugs), the CUSP9 may serve as an alternative experimental protocol for a patient 

population that otherwise has limited treatment options.  

Conducting a trial of a multi-drug regimen is complex and has potential drawbacks. In the case 

of CUSP9, the likelihood of side effects either from one drug or in synergy with others seems high, and 

such a large combination will make it difficult to identify the offending agent. A further limitation to 

the CUSP9 combination is the limited data on de facto BBB penetration. Unfortunately, such 



 59 

biodistributive data are unknown also for the majority of the available anticancer drugs268,269. Despite 

these drawbacks, drug repurposing strategies, both singly and in combinations, are gaining interest. 

Recent registered clinical trials aiming to evaluate the potential benefit of repurposing well-known 

drugs as adjuvant to the standard-of-care in GBM include the alcohol aversion drug disulfiram 

(NCT03363659), the anti-diabetic metformin (NCT02780024), the anti-hypertensive carvedilol 

(NCT03980249), and the anti-malarial chloroquine (NCT02378532). Importantly, moreover, patients 

with limited survival prospects embark on treatments on a DIY basis. This emphasize the importance 

of evaluating such combinations of repurposed drugs in formal trials.  

 

 

 

Fig. 8. Schematic presentation of a combination approach to target GBM. The figure presents a schematic 
version of the hallmarks of cancer described by Hanahan and Weinberg10 together with a simplified 
presentation of the suggested targets of the drugs in the CUSP9 combination.  
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Ethical considerations 
 

GBM is currently an uncurable cancer. The limited prospect for long term survival makes GBM one of 

the most feared malignancies of all human cancers. The aggressiveness of the disease that leads to 

progressive deterioration of neurological function makes a GBM challenging both for the patient and 

their closest caretakers. In order to improve survival, it is imperative to continuously develop new 

treatment strategies. This development starts at the laboratory bench where promising findings are 

translated to clinical investigations.  

This thesis relies on establishing cell cultures from tumor biopsies acquired during the 

individual patient’s surgical treatment. All biopsies used in the present work were obtained after the 

patients provided their informed and explicit written consent. The tissue harvesting for research 

purposes was approved by the Norwegian Regional Committee for Medical Research Ethics (REK 

07321b and 2017/167). The individualized cultures were established from excess material after tissue 

was reserved for pathological diagnostics. Our experience is that patients widely approve donation of 

their tumor tissue for use in research. The patients’ willingness to donate their tissue as well as the 

use of patient-derived tumor material is essential for preclinical research to reflect the tumor 

heterogeneity.  

The present work relies on the evaluation of in vivo tumorigenicity to confirm the malignant 

phenotype of the individualized GSC cultures. Tumorigenicity was evaluated by the cells’ ability to 

generate an invasive tumor upon xenografting to the brain of a living host. In these experiments 

immunodeficient mice were used as the recipient. To study fundamental mechanisms of cancer and to 

advance laboratory findings of new treatment to testing in humans, animal experiments remain 

essential in preclinical cancer research297.  However, animal experiments are encumbered with 

controversy due to captivity and the manipulative nature of experimentation. The number of animal 

experiments should therefore be held at the least required level and continuously be evaluated 

according to the 3Rs (replacement, reduction and refinement) that apply in the guidelines for the 

welfare and use of animals in cancer research297. The procedures involving animals in this thesis were 

evaluated according to the 3Rs and the experiments were designed with humane end points. The 

surgical procedures were performed under general anesthesia, the post-operative care followed local 

recommendations, and the animals were followed by daily inspection and at a minimum weekly 

weight evaluation as approved by the administrative committees and the veterinarian in-charge. All 

animal procedures in this present work were approved by the National Animal Research Authority 

(FOTS 8318).  

The transition from a successful animal experiment improving survival in cancer bearing mice 

to a successful clinical trial improving patient survival represents the largest step in cancer research298. 
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It is therefore important to consider the limitations in the ability of mouse models to reflect the 

human disease when designing experiments. For instance, mouse models have different tumor 

evolutionary times, pharmacokinetics and -dynamics of systemic treatments, and tumor 

microenvironmental and immunomodulatory contributions in tumor progression compared to the 

real-world situation in patients. It is also more difficult to evaluate adverse events in mice related to 

drug dosing. These differences contribute in the challenges in reproducing promising preclinical 

results in patients. It also encourages a critical assessment of the potential scientific innovations, the 

consequences and the future implications of the results before the animal experiments are 

conducted. 

In the study on the efficacy of the CUSP9 treatment, we conducted only in vitro experiments. 

In vivo experiments could potentially strengthen the data. However, when designing the study, we 

were aware of patients taking the drug combination and a phase-I study was ongoing295. Testing of 

treatment effects rely on clinical investigations. As patients already had begun taking the drug 

combination, we therefore considered that neither a positive nor a negative in vivo study would 

change the necessity of a formal clinical trial.  This consideration complies with reduction in the 3Rs297.  

A model platform of in vitro organoids has more recently been developed225. Organoid models 

allow cancer cells to proliferate in a microenvironment that better reflects the situation in a patient. 

Organoids represent an intermediate model system between in vitro and in vivo models that allows 

studying the interaction between cells and stroma in real-time in an easily modifiable milieu. This 

novel technology may replace some animal experiments (e.g. tumorigenicity of GSCs) that would be in 

line with replacement in the 3Rs297. 

Patients with GBM are well aware of the dismal survival rates of the disease. In patients who 

have relapse of a GBM, no treatments have been documented to prolong survival, possibly rendering 

enrollment in a clinical trial the best option299. Specialized neuro-oncological centers should therefore 

continuously have ongoing experimental trials and offer participation to patients. However, a recent 

estimate suggested that only around one in ten GBM patients are enrolled into a clinical study300. A 

major barrier the patients who wish to participate in a trial must overcome is the strict enrollment 

criteria that clinical studies require the patient to fulfill in order to enter the trial300. The difficulty in 

both finding and entering clinical trials has led patients starting treatments on their own without the 

rigorous follow-up of formal studies. Such DIY treatments includes starting on combinations of well-

known drugs repurposed from their common usage in other diseases, such as the CUSP9. It is 

understandable that patients with fatal diseases explore a wide range of available experimental 

treatment options. However, experimental treatments without systematic data collection on efficacy 

and toxicities limit the potential for scientific advancement. In the case of treatments with repurposed 

drugs, academic institutions and not-for-profit organizations are further left with a responsibility to 
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conduct such trials, as drugs off-patent are cheap with limited commercial potential for 

pharmaceutical companies277. In order to provide experimental treatments to patients, clinicians and 

researchers should continuously strive to develop new treatment protocols that reach all the way to 

clinical investigations.  

Although built upon a robust scientific rationale and experimentation, it is important to take 

into account that experimental protocols have unknown outcomes and may produce both favorable 

and unfavorable results for the patient. In glioma, this is exemplified by the trial exploring a 

multikinase inhibitor in children with progressive low-grade astrocytomas that unexpectedly and 

unprecedentedly accelerated the tumor growth166. Moreover, in frail patients suffering of GBM, 

aggressive systemic oncological treatment may result in reduced survival compared to less aggressive 

and localized oncological therapy301. The choice between aggressive treatment, experimental 

protocols or primary palliative care must be taken into consideration for the individual patient. 

However, in order to further advance therapeutic strategies for a rapidly fatal disease, continuous 

trialing is essential290.   
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Future implications 
 

The development and implementation of the DSRT platform establish the pipeline for a phase I/II 

clinical trial targeting autologous GSCs in recurrent GBM for individualized therapy. The strategy is 

adopted from an experimental treatment platform in hematologic malignancies that provides 

systematic identification of individualized therapies that rapidly can translate preclinical findings to the 

patient bedside for therapy168. 

The thesis describes a functional profiling of GSCs to a large collection of anticancer drugs. 

Drug sensitivity is, however, tightly linked to the genotype of the cancer cells302. In an ongoing 

extension of the present work, we compare ex vivo drug sensitivity data to genomic data in order to 

explore potential biomarkers of drug sensitivity. Such an integration of functional and genomic data 

from the individual tumors for identification of individualized treatments forms the basis of the 

Individualized Systems Medicine (ISM) strategy developed by our collaborators at the Institute for 

Molecular Medicine in Finland168. The ISM strategy is a translational platform that combines ex vivo 

DSRT and molecular profiling to identify individualized treatment. This represents a framework of a 

repeated cycle of learning and optimizing therapy – one patient at a time. If a patient experience 

disease progression after initial ISM-based treatment, the investigational cycle can start again to find 

new therapeutic options (Fig. 9).  

The repeated integrated functional and molecular analyses serve dual purposes; to uncover 

new therapeutic opportunities and understand mechanisms of developed resistance. Compared to 

hematological malignancies, it is more challenging to perform repeated sampling from brain tumors. 

Re-sampling do, however, have the potential elucidate the clonal evolution through therapy and the 

molecular drivers of developed resistance, as well as to identify new rounds of individualized therapy. 

Expansion of the number of profiled GBMs may further describe biological traits of the disease, 

identify repurposing opportunities and functionally subtype patients into categories of drug 

sensitivities (Fig. 9). 

An important implication of integrative analyses of drug sensitivities to molecular profiling is 

the development of a database that explores potential biomarkers for drug sensitivity. In turn, this 

may lead to identification of potential therapies in individual patients by utilizing molecular data only 

without the extensive requirements of cells for DSRT. The GSC expansion represents the major rate-

limiting step in the proposed trial protocol and excludes certain patients due to limited proliferative 

potential of their GSCs in vitro. A pharmacogenomic database of GSCs may lead to therapeutic 

strategies within a shorter time frame. It may further provide a basis to create hypotheses to be 

tested in clinical trials for existing drugs available for repurposing, for emerging anticancer 

compounds, and their combinations. If proven clinically useful, the strategy, methods, and the clinical 
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protocol presented in the thesis can be translated to other cancers that can be cultured and 

propagated as tumorspheres for functional precision medicine.  

 

Fig. 9. Individualized Systems Medicine (ISM) strategy to target glioblastoma stem cells. From left; 
Individualized cell cultures are established from surgical biopsies. The GSCs are subsequently molecularly 
profiled and undergo DSRT. The DSRT may identify and inform individualized treatment options that can be 
translated to patient treatment. Integration of molecular and functional data can be utilized for optimization 
of therapy and contribute to understand the biology of the individual patients’ tumor. If the patient relapse 
after DSRT-based treatment, the cycle can start again. The expanding database on molecular and functional 
data may decipher the biology of GBM, functionally subtype GBM, identify repurposing opportunities, explore 
drug activity in GBM, and in paired samples understand mechanisms of developed resistance. The dashed 
lines represent the future implications of the work in this thesis and the ISM strategy in GBM. The figure is 
based on the ISM platform developed by our collaborators at FIMM.  
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Concluding remarks  
 

This work has established a functional dimension into the tumor heterogeneity in GBM describing a 

significant tumor-to-tumor variability in individual drug sensitivity patterns in both the newly 

diagnosed and the pretreated recurrent disease. The intertumoral heterogeneity in the patient-

derived GSC cultures sensitivity to a large panel of anticancer drugs provides experimental data and an 

explanation to why targeted treatments repeatedly fail when evaluated at the population level in 

clinical trials in GBM. This work demonstrates that in vitro drug sensitivity testing provides an 

alternative approach to the more widely adopted genomics-driven approach to uncover individualized 

treatment options. The application of ex vivo DSRT targeting autologous GSCs in recurrent GBM is 

clinically feasible within an acceptable time frame. This work has developed and implemented the 

DSRT platform in GBM and established the pipeline for a phase I/II clinical trial targeting autologous 

GSCs for functional precision medicine. Such a trial will represent the first study targeting TSCs utilizing 

the ex vivo DSRT platform and automated drug sensitivity scoring in solid tumors, and one of the first 

studies targeting autologous GSCs for individualized therapy in GBM informed by functional profiling. 

The clinical translational protocol, however, can readily be translated to other cancers grown as 

tumorspheres. In patients where autologous GSCs is not suitable for DSRT, it may be possible to 

explore a polytherapeutic treatment approach using a combination of well-known drugs commonly 

used for other indications. For future directives, this thesis establishes the groundwork for a possible 

extension of the data into a comprehensive pharmacogenomic profiling of patient-derived GSCs to 

explore drug activity in GBM, identify biomarkers of drug sensitivity and resistance, identify 

repurposing opportunities and functionally subtype GBMs.  
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Abstract

Background: A major barrier to effective treatment of glioblastoma (GBM) is the large intertumoral heterogeneity
at the genetic and cellular level. In early phase clinical trials, patient heterogeneity in response to therapy is
commonly observed; however, how tumor heterogeneity is reflected in individual drug sensitivities in the
treatment-naïve glioblastoma stem cells (GSC) is unclear.

Methods: We cultured 12 patient-derived primary GBMs as tumorspheres and validated tumor stem cell properties
by functional assays. Using automated high-throughput screening (HTS), we evaluated sensitivity to 461 anticancer
drugs in a collection covering most FDA-approved anticancer drugs and investigational compounds with a broad
range of molecular targets. Statistical analyses were performed using one-way ANOVA and Spearman correlation.

Results: Although tumor stem cell properties were confirmed in GSC cultures, their in vitro and in vivo morphology
and behavior displayed considerable tumor-to-tumor variability. Drug screening revealed significant differences in
the sensitivity to anticancer drugs (p < 0.0001). The patient-specific vulnerabilities to anticancer drugs displayed a
heterogeneous pattern. They represented a variety of mechanistic drug classes, including apoptotic modulators,
conventional chemotherapies, and inhibitors of histone deacetylases, heat shock proteins, proteasomes and
different kinases. However, the individual GSC cultures displayed high biological consistency in drug sensitivity
patterns within a class of drugs. An independent laboratory confirmed individual drug responses.

Conclusions: This study demonstrates that patient-derived and treatment-naïve GSC cultures maintain patient-
specific traits and display intertumoral heterogeneity in drug sensitivity to anticancer drugs. The heterogeneity in
patient-specific drug responses highlights the difficulty in applying targeted treatment strategies at the population
level to GBM patients. However, HTS can be applied to uncover patient-specific drug sensitivities for functional
precision medicine.
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Background
Glioblastoma (GBM) is a devastating form of cancer.
Unselected patients have a median survival time of
less than one year, which increases to ~ 15 months in
patients eligible for surgery, radiation and chemother-
apy [1]. Despite a range of therapeutic approaches,
little improvement has been gained over the recent
decades [2].
The lack of therapeutic progress may be attributed

to the complex cellular and molecular heterogeneity
in GBM, both between patients [3, 4] and within
individual tumors [5, 6]. Despite the heterogeneity of
the disease, current treatment modalities are stan-
dardized to all patients, and clinical trials largely
investigate treatment effects at the population level
[7–9]. However, early phase trials of targeted therap-
ies commonly report single or a few responders al-
though they fail to demonstrate a survival benefit in
the overall trial cohort [2, 10, 11]. These clinical re-
sponse patterns suggest the presence of heterogeneity
in the sensitivity to anticancer drugs; however, how
tumor heterogeneity is reflected in individual drug
sensitivity patterns in the treatment-naïve disease has
not been established.
At the cellular level, a subpopulation of GBM cells,

glioblastoma stem cells (GSCs), represents the top of
a proliferative hierarchy in GBM. These cells can re-
construct the entire cellular spectrum in GBM, and
give rise to highly infiltrative tumor growth in serial
xenotransplantation [12]. As GSCs experimentally
confer resistance to radiation and chemotherapy,
these cells are presumed to be the cause of the inevit-
able tumor relapse [12]. We and others [13–17] have
previously shown that upon propagation, patient-
derived GSCs maintain their ability to form invasive
tumors, preserve individual tumor traits at the genetic
and expression level, and maintain a range of individ-
ual clones, thus representing an individualized model
of the parent tumor.
Preclinical drug discovery studies in GBM commonly

follow the traditional format focusing in compounds that
exhibit broad efficacy across several samples for further
advancement to clinical investigation [18–21]. Consider-
ing the disappointing results of clinical trials exploring
targeted treatments at the population level in GBM, we
aimed to explore the individual variation of drug sensitiv-
ity patterns in low passage, patient-derived and treatment-
naïve GSCs to a large panel of anticancer drugs using
automated high-throughput screening (HTS) and drug
sensitivity scoring. We further investigated biological
consistency and reproducibility of drug sensitivities to
evaluate whether drug sensitivity and resistance testing
(DSRT) using HTS can be translated to a clinical setting
for functional precision medicine.

Methods
Cell cultures
Glioblastoma biopsies were obtained from 12 in-
formed patients with explicit written consent under-
going surgery for GBM at Oslo University Hospital,
Norway as approved by The Norwegian Regional
Committee for Medical Research Ethics (REK 2017/
167). The GSC cultures were established both from
several focal tumor biopsies and ultrasonic aspirate
generated during surgery. The IDH status was evalu-
ated by immunohistochemistry and sequencing, and
the MGMT promoter methylation status was evalu-
ated by methylation-specific quantitative PCR. Cell
cultures were established and maintained in serum-
free media containing bFGF and EGF (both R&D Sys-
tems), as previously described [14]. Differentiation
was induced, and cells fixed and stained, as previously
described [14]. Images were acquired using Olympus
Soft Imaging Xcellence software v.1.1. The total num-
ber of cells from one passage to the next in serial
passages was extrapolated using the formula (total
number of cells from previous passage/cells plated) x
(total number of cells from current passage). All ex-
periments in this study have been performed within
the 10th passage of individual GSC cultures. Patient
characteristics are summarized in Additional file 1.

Flow cytometry analysis
Cells were suspended in PBS with 2% fetal bovine
serum (Biochrom) and stained with directly conju-
gated antibodies (CD15-PerCP, R&D Systems, CD44-
APC, Thermo Fisher Scientific, CD133-PE, Miltenyi
Biotec, CXCR4-PE, Miltenyi Biotec) according to the
manufacturer’s instructions. Cells were washed three
times before analysis by flow cytometer LSRII (BD
Bioscience). FlowJo software v.10.4.1 was used for
data analysis. Dead cells were identified by propidium
iodine (Thermo Fisher Scientific), and doublets were
excluded by gating.

Intracranial transplantation
The National Animal Research Authority approved all
animal procedures (FOTS 8318). C.B.-17 SCID female
mice (7–9 weeks old, Taconic) were anesthetized with an
injection of zolazepam (3.3 mg/mL), tiletamine (3.3 mg/
mL), xylazine (0.45 mg/mL) and fentanyl (2.6 !g/mL)
and placed in a stereotactic frame (David Kopf Instru-
ments). Cells were prepared and transplanted, as previ-
ously described [14]. The animals were regularly
monitored for signs of distress and killed by cervical dis-
location after 15 weeks or earlier if weight loss > 15% or
neurological symptoms developed. The brains were har-
vested and further processed as previously described
[14]. Images of brain sections were acquired using Axio
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Scan.Z1 (Carl Zeiss). Processing of images was per-
formed using ImageJ 2.0.

Drug collection and drug sensitivity and resistance
testing
The oncology drug collection consisted of 461 com-
pounds and covered most U.S. Food and Drug
Administration and European Medicines Agency
(FDA/EMA)-approved anticancer drugs and investiga-
tional compounds with a broad range of molecular
targets. The complete drug collection is listed in
Additional file 2. The compounds were dissolved in
100% dimethyl sulfoxide (DMSO) and dispensed on
384-well plates using an acoustic liquid handling de-
vice, Echo 550 (Labcyte Inc). The pre-drugged plates
were kept in pressurized Storage Pods (Roylan Devel-
opments Ltd.) under inert nitrogen gas until needed.
The patient-derived GSCs were plated at a density of
3000 cells/well using a MultiDrop Combat (Thermo
Scientific) peristaltic dispenser. The plates were incu-
bated in a humidified environment at 37 °C and 5%
CO2, and after 72 h cell viability was measured using
CellTiter-Glo® Luminescent Cell Viability Assay (Pro-
mega) with a Molecular Device Paradigm plate reader.
The resulting data were normalized to negative con-
trol (DMSO) and positive control wells (benzetho-
nium chloride). The quantification of drug sensitivity
was utilized by the drug sensitivity score (DSS), as
previously described [22, 23]. In brief, each drug was
evaluated over a 5-point dose-escalating pattern cov-
ering the therapeutic range. The resulting dose-
response was analyzed by automated curve fitting de-
fined by the top and bottom asymptote, the slope,
and the inflection point (EC50). The curve fitting pa-
rameters were used to calculate the area defined as
area of drug activity (between the 10 and 100% rela-
tive inhibition to positive and negative control) into a
single measure as the DSS. The selective drug sensi-
tivity score (sDSS) of each compound was calculated
as the difference between the DSS in the individual
culture and the average DSS of all screened GBM cul-
tures. One culture (T1505) was excluded from the
analysis of the overall drug sensitivity due to an error
in the automatic seeding procedure for 29% (132/461)
of the drug responses.

Validation experiments
Cells were plated at 5000 cells/well in a 96-well plate
(Sarstedt, Germany) under sphere conditions, cultured
for 24 h before the addition of drugs and further in-
cubated for 72 h. Viability was assessed using Cell
Proliferation Kit II XTT (Roche) solution incubated
for 24 h before analysis on a PerkinElmer EnVision.
The viability is corrected for the background signal

and reported relative to negative control (DMSO), as
the mean and standard error to the mean of five in-
dependent experiments.

Gene expression analysis
Next generation sequencing and gene expression
microarray experiments were performed at the Genom-
ics and Bioinformatics Core Facility at the Norwegian
Radium Hospital, Oslo University Hospital (Norway).
The library preparation for RNA sequencing was per-
formed using the Truseq mRNA Illumina protocol, and
the samples were sequenced on the Illumina HiSeq
platform (paired end 2 ! 75 bp). Normalized expression
data was further analyzed in J-Express 2011. Subgroup-
ing of the GSC cultures as proneural or mesenchymal
was performed by analyzing gene expression microarray
data using the HumanHT-12 chip (Illumina). Unsuper-
vised hierarchical clustering was performed according
to the gene panels described by Mao et al. and Phillips
et al. [24, 25]. Quality issues led to one culture (T1461)
not being successfully sequenced and could not be in-
cluded in the gene expression analyses.

Statistical considerations
Data analysis and graphic presentation were under-
taken using GraphPad Prism 7.0, J-Express 2012
(Molmine), Microsoft Excel 14.7.3 and R. Correspond-
ence analyses and evaluation of the GSC culture sub-
grouping were performed using J-Express 2012.
Unsupervised hierarchical clustering and heat maps
were generated using J-Express 2012, GraphPad Prism
7.0, and R. Statistical analysis of the overall drug sen-
sitivity between cultures was performed using non-
parametric one-way ANOVA of ranks with Kruskal-
Wallis test. Correction for multiple comparisons was
done by Dunn’s test. The correlation analyses were
performed using Spearman correlation (!). A p-value
< 0.05 was considered significant.

Results
Intertumoral heterogeneity in patient-derived GSC
cultures
The robustness of the patient-derived GSC model
system in preserving the tumorigenicity and molecular
features of the parent tumor is well documented by
us and others [12–16, 26]. Such patient-derived GSCs,
however, display considerable intertumoral differences in
morphology and behavior in vitro and in vivo [12, 14].
In this sample cohort, eleven cultures formed free-

floating tumorspheres, while one culture proliferated
adherently (T1505). The individual cultures main-
tained their morphology upon serial passages and
could be serially expanded. Intertumoral differences were
observed in the in vitro spheroid and differentiation
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morphology, expression of GSC markers, total cell yield
after serial passaging, and in vivo tumor formation charac-
teristics (Fig. 1). Overall, the GSC cultures presented with
considerable tumor-to-tumor variability in both morph-
ology and behavior in vitro and in vivo, while maintaining
culture specific characteristics.

Intertumoral heterogeneity in drug sensitivity to
anticancer drugs
Subsequently, we explored whether the intertumoral het-
erogeneity among GSC cultures is reflected in the sensi-
tivity to a collection of 461 anticancer compounds using
automated high-throughput technology. An overview of
the drug collection is provided in Table 1. Reproducibil-
ity of the HTS was assessed by repeated screenings eval-
uated by a blinded investigator and displayed a ranked
correlation of r = 0.823 (Spearman, p < 0.0001). The me-
dian passage number at the time of drug screening was
3 (range: 1–7).
A DSS !10 was defined as the threshold to classify a

drug response as moderate to strong (Fig. 2a). Follow-
ing DSRT, in total, 115 compounds (25% of the entire
drug collection) displayed this response in the GSC cul-
ture cohort. The median was 33 drugs (range: 22–95).
Two cultures, T1459 and T1506, clearly had higher
number of drugs with a DSS !10, 79 and 95 drugs, re-
spectively (Fig. 2b). The sensitivity to any given drug
was, however, heterogeneous, as 93 of the 115 drugs
(81%) with a DSS !10 displayed intersample differences
equivalent to a moderate to strong difference in sensi-
tivity ("DSS !10, DSSmax - DSSmin). The overall sensi-
tivity to the entire drug collection (n = 461) significantly
differed among all GSC cultures (p < 0.0001). Based on
the differences in the overall drug sensitivity, the cul-
tures were broadly clustered into three major categories
of most (T1459 and T1506), moderate (T1461, T1502,
T1547, T1456, T1550) and least (T1454, T1561, T1549,
T1548) sensitive cultures (Fig. 2c, Additional file 3).
Correspondence analysis of the DSS to all drugs
clustered the two most sensitive cultures distinctively
apart along the first component variance (14.9%), while
the second component variance (11.3%) spread the cul-
tures without identifying any clear pattern of clustering
(Fig. 2d).
Based on global gene expression profiling, the clus-

tering of the GSC cultures differed from the cluster-
ing according to drug sensitivity, as the two most
sensitive cultures clustered separately. We found more
similarities in the gene expression between cultures
categorized as moderate and least sensitive (T1456,
T1454, T1548) than related to their overall drug sen-
sitivity (Additional file 4). Further exploring selected
gene panels involved in general drug resistance, drug
metabolism, GSC related, and glioblastoma related

genes did not identify any shared expression pattern
of the most sensitive cultures compared to the others
(Additional file 5).

Heterogeneity in the sensitivity to classes of anticancer
drugs
The overall drug sensitivity only explained a small
proportion of the variance, suggesting that tumors
can be grouped into a few subtypes. As 81% of the
drugs with a DSS !10 also displayed "DSS !10
among all cultures, we explored how the heterogen-
eity in the sensitivity to anticancer drugs distributed
across different mechanistic classes and molecular tar-
gets. The 115 drugs with a DSS !10 in any GSC cul-
ture represented a wide range of drug classes,
including apoptotic modulators, conventional chemo-
therapies and inhibitors of histone deacetylases, heat
shock proteins, proteasomes and different kinases.
Across all classes and molecular targets, the distribu-
tion of drug sensitivities largely displayed a con-
tinuum from insensitive to the most sensitive tumor
(Fig. 3).
To explore whether the GSC model system pre-

serves the individual biological consistency of drug
sensitivities, we categorized drug sensitivity patterns
based on the specific molecular target within a class
of drugs (e.g., MEK1/2 inhibitors in the kinase inhibi-
tor class). We found a clear pattern in which drugs
with a specific target displayed the highest efficacy in
the same tumor. For instance, among MEK1/2 inhibi-
tors with a DSS !10 (n = 5) in any GSC culture,
T1550 was the most sensitive culture to four of five
MEK1/2 inhibitors (and the 2nd most sensitive to the
final inhibitor). Correlation matrices displayed that
the average (±standard deviation) ranked correlation
of the sensitivity to MEK1/2 inhibitors was 0.61 (±
0.18) (Fig. 3). Similarly, the GSC cultures most resist-
ant to a specific class of drug displayed a clear pat-
tern of broad resistance to all drugs targeting the
same specific molecular target. While being the most
sensitive to MEK1/2 inhibitors, T1550 was the most
resistant culture to CDK inhibitors (n = 5). The cor-
relation matrices displayed that the average correl-
ation of sensitivity to CDK inhibitors was 0.82 (±0.11)
(Fig. 3). This consistency of individual drug sensitivity
and resistance patterns was found across all major
classes within the drug collection (Fig. 3). This dem-
onstrated that individual biological traits involved in
drug sensitivities are preserved and consistent in
patient-derived GSC cultures and display individual
uniqueness. In the DSRT, none of the GSC cultures
displayed sensitivity to the standard-of-care, temozolo-
mide (TMZ, Additional file 3).
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Fig. 1 Characterization of patient-derived GSCs. Magnetic resonance imaging of four GBMs in the study cohort (a) and the corresponding xenografts
(b) demonstrating that GSC cultures established from a heterogeneous GBM population display culture-to-culture heterogeneity in their in vivo
formation characteristics. Images in (b) are stained with Hematoxylin & Eosin (h&e) in the upper image and Hoechst 33258 in the lower image. Tumor
borders are macro-anatomically delineated. Scale bar 1mm. (c) All histopathological features of glioblastoma were identified, including pathological
angiogenesis (whole arrow), intratumoral hemorrhages (dotted arrow), tumor necrosis (triangle), pseudopalisading (asterisk) and nuclear atypia with
aberrant mitoses. All tumors were xenografted to !2 mice. (d) Upon differentiation, the cells displayed a more mature morphology and stained
positive for nestin and GFAP, however the individual GSC culture displayed intertumoral variability in their differentiation morphology. Scale bar 50 !m.
(e) The cultures displayed variability in their capacity for total cell yield following serial passages, and (f) intertumoral heterogeneity in expression of
stem cell markers (f). Expression of stem cell markers are data generated from n = 1 experiments in the individual cultures
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Validation of drug sensitivities
The heterogeneity of drug sensitivity patterns in individ-
ual GSC cultures demonstrated that DSRT could un-
cover patient-specific vulnerabilities and potential
treatment options for functional precision medicine.
However, for DSRT to guide decision-making in patient
treatment, we investigated the manual reproducibility of
selected compounds in an independent laboratory per-
formed by different personnel. To obtain a closer de-
scription of the biologically relevant concentration
range, we performed a narrower 5-point concentra-
tion range and defined reproducibility by the ability
to capture the inflection range with similar levels of
EC50-calculation and maximal inhibition. The inde-
pendent validation confirmed the reproducibility by
quantifying EC50 in similar low molar concentrations
and reaching levels of maximal inhibition in different
drugs across different tumors (Additional file 6).

Taxonomy of GSCs based on drug sensitivity patterns
As the drug sensitivity and resistance patterns were
linked to drug classes and molecular targets, we
stratified the GSC cultures according to similar drug
sensitivity patterns. For the stratification into patient-
specific drug sensitivity for any given drug, we calcu-
lated the differential response in an individual culture
from the average response in all GSC cultures. Thus,
we quantified each drug response in each individual
culture as either increased (+) or decreased (!),

defining this as the selective DSS (sDSS) (Additional
file 7). Correspondence analysis of the sDSS to all
drugs clustered the cultures according to the overall
sensitivity along the first component variance (19.1%),
while the second component variance (12.8%) clus-
tered the cultures based on the similarities in the sen-
sitivity and resistance patterns (Additional file 7).
Unsupervised hierarchical clustering revealed that the
relationships among similar drug sensitivity patterns were
based on the mechanistic target (Fig. 4, Additional files 8
and 9). The two most sensitive cultures were of the pro-
neural subtype; however, in the moderate to least sensitive
tumors, the proneural and mesenchymal subtypes were
evenly interspersed (Fig. 4). The MGMT promoter methy-
lation of the parent tumor status was not concordant with
the clustering as the two most sensitive tumors and two of
the four least sensitive tumors were MGMT promoter
methylated.
To comprehend the overall heterogeneity in drug

sensitivities in the entire culture cohort, we calculated
the enrichment of drugs with the same modes of ac-
tion in individual cultures according to the ratio of
observed versus expected (O/E, if expected number of
drugs was < 1, the value was set to 1) (Fig. 5a). By
selecting drugs that had at least moderate efficacy
(DSS "10) increased patient-specificity (sDSS "3) and
O/E " 3 in individual cultures, we found eight
different drug categories of various molecular targets
to be enriched in the treatment-naïve GSC cultures
(Fig. 5b). The stratification into patient-specific re-
sponses identified the GSC cultures with the highest
vulnerability to any given drug or class of drug. The
dose-response curves of drugs that have been investi-
gated in clinical trials of GBM demonstrated the ex-
istence of both resistant and sensitive GSC cultures
in the treatment-naïve disease (Fig. 5c). Similarly,
drugs from various categories currently recruiting patients
for trials in GBM displayed the same pattern including
both existing resistant and sensitive GSC cultures in a het-
erogeneous GBM population (Fig. 5c).

Discussion
This study demonstrates that treatment-naïve GSC
cultures display individual morphological and behav-
ioral traits in vitro and in vivo, and intertumoral het-
erogeneity in individual drug sensitivity patterns,
reflecting biological diversity.
The variation in the sensitivity to anticancer drugs

further describes the complexity of tumor heterogen-
eity in GBM. As each tumor is intricately heteroge-
neous, generalized treatment regimens are unlikely to
substantially improve the survival of most GBM
patients. Consistently, both early and late phase clin-
ical trials investigating targeted therapies have not

Table 1 Overview of drug collection
Drug class Approved Investigational

(Phase I-III)
Preclinical Total

Conventional
chemotherapy

58 5 3 66

Kinase inhibitor 32 172 26 230

Rapalog 4 1 0 5

Immunomodulatory 10 3 0 13

Differentiating/
epigenetic modifier

10 21 20 51

Hormone therapy 18 3 1 22

Apoptotic modulator 0 12 3 15

Metabolic modifier 8 5 4 17

Kinesin inhibitor 0 3 0 3

NSAID 2 0 0 2

Heat shock protein
inhibitor

0 6 2 8

Proteasome inhibitor 2 1 1 4

Hedgehog inhibitor 1 1 0 2

Other 7 8 8 23

Total number
(% of total)

152 (33%) 241 (52%) 68 (15%) 461
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presented a survival benefit at the population level
over previous decades [2, 7, 8]. Cases of responders
are, however, commonly reported, which is indicative
of patient heterogeneity in drug sensitivity [10, 11].
Biomarkers or subgrouping of patients have, unfortu-
nately, not successfully categorized patients for strati-
fied treatments.
Selection of patients for targeted treatment can be

performed by genomics-based matching of GBMs to

drug therapies. However, in glioma patients with
druggable oncogenic mutations, individualized treat-
ment decisions are difficult to apply clinically [27,
28], and in large investigational cohorts, the fraction
of patients benefitting from genomic-based treatment
decisions remains low [29, 30]. Consistently, a recent
study exclusively recruited relapsed GBM patients
with EGFR amplification to investigate the efficacy of
dacomitinib (2nd generation pan-HER inhibitor). The

A

D

B C

Fig. 2 GSC sensitivity to anticancer drugs. (a) Presentation of four drug responses from the DSRT to the FDA-approved protein synthesis
inhibitor omacetaxine. The dose-response curves and DSS demonstrate a drug response below the threshold defined as moderate activity
(DSS !10) and three other responses with increasing efficacy from moderate to very strong. (b) Number of drugs from the DSRT in each
GSC culture with a DSS !10. (c) Significance table of the distribution of the overall drug sensitivity to the drug collection (n = 461 drugs)
in the primary GSC cultures. Using a non-parametric one-way ANOVA of ranks corrected for multiple comparisons, a significant difference
was observed in the overall drug sensitivity (p < 0.0001). (d) Correspondence analysis of all drug responses displays a clear separation of
the two most sensitive cultures along the first component variance (14.9%), whereas no identified pattern explained the spread of the
cultures along the second component variance (11.3%). Each dot in the scatter plot represents individual drugs (rows), while individual
tumors are highlighted (columns)
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authors reported limited activity in the trial cohort
but noted a few responders without identifying bio-
markers suggestive of response [11]. In vitro drug
sensitivity testing offers a functional approach for pre-
cision medicine, by identifying patient-specific vulner-
abilities to anticancer drugs. By utilizing DSRT for
identification of patient-specific drug responses, the
ex vivo HTS model system identifies GSC cultures

that are especially vulnerable to a class of drug. The
DSRT approach utilizing patient-specific drug sensitiv-
ities has been investigated in chemorefractory
hematopoietic cancers, where linking ex vivo drug re-
sponses and molecular profiling achieved clinical re-
missions [22]. In a study conducted before the era of
GSCs, 40 primary GBM patients were treated based
on the results of in vitro drug sensitivity testing [31].

Fig. 3 Drug sensitivity in primary GSCs across different drug classes and molecular targets. The figure displays drug class, the drug sensitivity in
GSC cultures, and average (± SD) Spearman’s coefficient (!) from correlation matrices for drug categories that were represented with !3 drugs
for the specific molecular target (n = 47 drugs in the figure, all drug sensitivity data in Additional file 3). Correlation matrices demonstrated that
the sensitivity to a drug within a category was strongly associated with sensitivity to all other drugs within that drug category, demonstrating
biological consistency and individual uniqueness in GSC cultures. Highlighted in red and blue are the tumors found with the highest and lowest
sensitivity within the specified category, respectively

Skaga et al. BMC Cancer          (2019) 19:628 Page 8 of 14



Fig. 4 (See legend on next page.)
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Despite the establishment of cultures that are less
likely to represent the tumor of origin [13], the au-
thors presented promising overall survival with a me-
dian of 20.5 months. Unfortunately, this study did not
lead to further clinical trials; thus, whether drug sen-
sitivity and resistance testing results in clinically use-
ful treatment decisions in GBM is unclear.
Recently, drug discovery studies have utilized drug

screening strategies of GBM biopsies cultured in
serum-free media. These studies commonly follow the
traditional format of drug discovery and primarily high-
light broadly effective compounds that demonstrate an-
titumor activity across several cultures in vitro [19, 32]
and in vivo [20, 21]. In contrast, and to address the
well-established tumor heterogeneity in GBM, we
focused on how the individual variation in drug sensi-
tivities is distributed in the treatment-naïve disease.
This resulted in an important finding of the existence
of drug resistant GSC cultures within all drug cat-
egories. This has implications for preclinical GBM re-
search following the traditional format, as generalizing
findings of therapeutic efficacy generated from a few
selected GBM cultures has limited translational value
in a heterogeneous GBM population.
Two recent studies have added complexity to indi-

vidualized therapy options using drug screening strat-
egies [33, 34]. After generating different clones from
the same tumor, the authors found clone-by-clone dif-
ferences in individual drug sensitivities. To maximize
the clonal diversity in the individual GSC cultures, we
established cultures from several focal biopsies and
tumor aspirates generated from surgical ultrasonica-
tion. While the GSC culture system can maintain
diverse individual clones from the same tumor [17], it
is important to consider that these cultures represent
a subpopulation of the total clonal variation,
underestimating the complexity of drug responses. In
addition, as we evaluated drug sensitivity at the
culture level, clone-by-clone differences are not uncovered.
We found that drugs from different mechanistic clas-

ses displayed patient-specific activity (sDSS) in different
GSC cultures. Thus, selecting generalized treatment

options appears difficult as most drugs displayed a wide
range of efficacy. Drugs from different mechanistic
classes, e.g., the kinase inhibitor nintedanib, the antimi-
totic paclitaxel, the rapalog temsirolimus and the topo-
isomerase I inhibitor topotecan, demonstrated a
moderate to strong response in a few cultures. These
findings mirror the situation in early phase trials of
GBM in which the clinical investigation of nintedanib,
paclitaxel, temsirolimus and topotecan in GBM have all
resulted in an overall negative efficacy, while a few or a
minor subgroup of responders is observed [35–38].
We found a uniform resistance to TMZ in the

DSRT, despite several of the cultures being obtained
from MGMT-methylated tumors. The setup of the
DSRT could explain this, as the evaluation of cell via-
bility was performed after 72 h of incubation. In ac-
cordance with previous reports by us and others [20,
39–41], evaluation of sensitivity to TMZ using clinical
relevant drug concentrations requires longer incuba-
tion than 72 h in cell viability assays. Drugs that po-
tentially would benefit from a longer incubation time
due to their mode of action could potentially turn
out as false negative using a HTS platform. The time-
point of effect evaluation, however, was based on a
broad evaluation of the whole drug collection as well
as data from other cell types [22].
Since the first report of tumor cells with stem cell

properties in GBM, the GSC model system has been
well-recognized as a superior representation of the dis-
ease compared to established cell lines cultured in
serum-containing media [13, 42]. Due to the strength of
patient-derived GSCs in retaining the key characteristics
of the parent tumor and in vivo behavior resembling
GBM, individualized GSC cultures represent a patient-
specific model of the tumor, with the possibility for indi-
vidualized therapy strategies [43]. However, we acknow-
ledge the inherent limitation in using patient-derived
GSCs enriched in vitro as a model for drug discovery as
important aspects of the in vivo GBM biology, including
blood-brain barrier, tumor microenvironmental and im-
munomodulatory involvement in tumor progression and
therapeutic resistance, are not addressed. Despite these

(See figure on previous page.)
Fig. 4 Unsupervised hierarchical clustering of drug sensitivity patterns in primary GBM and relation to subtype and MGMT status. Heat
map and unsupervised hierarchical clustering of patient-specific drug responses (sDSS) with Euclidian distance (cultures and drugs). The
heat map is filtered by DSS !10 and sDSS ! or " 6.5 (n = 74 drugs). The two most sensitive cultures clustered separately and were both of a
proneural subtype, with a methylated MGMT promoter. The four least sensitive cultures grouped together in the other major taxonomy;
however, among the moderate and least sensitive cultures, no clear pattern was observed in the subtype classification or methylation
status of the parent tumor. Even in the cultures clustering together, individual differences in sensitivities to different mechanistic classes
of drugs were found (e.g., sensitivity to topoisomerase I inhibitors in T1459 compared to that in T1506, sensitivity to CDK-inhibitors in
T1549 compared to that in T1561, sensitivity to mTOR-pathway inhibitors in T1456 compared to that in T1502, and sensitivity to MEK1/2
inhibitors in T1461 compared to that in T1550). Subtype; M: Mesenchymal, PN: proneural, gray box: not available data. MGMT promoter
status: ME: Methylated MGMT promoter, UN: Unmethylated MGMT promoter, gray box: not available data

Skaga et al. BMC Cancer          (2019) 19:628 Page 10 of 14



A

C

B

Fig. 5 (See legend on next page.)

Skaga et al. BMC Cancer          (2019) 19:628 Page 11 of 14



drawbacks, a growing body of evidence highlights the
clinical importance of targeting GSCs to improve therapy
as a GSC gene signature, propagation of GSCs in vitro,
and the in vitro sensitivity to TMZ are independent pre-
dictors of patient outcome [44–46]. To reflect the unique-
ness of individual GBMs, we used low passage primary
cultures from 12 different treatment-naïve primary IDHwt

GBM patients, which were sampled and cultured to main-
tain clonal diversity within each tumor. In addition, the
biological reproducibility of selected drug sensitivities
demonstrates consistency in HTS results for translation of
DSRT to the patient bedside for individualized therapy.

Conclusions
In summary, we have shown that individualized GSC
cultures display an extensive intertumoral heterogeneity
in sensitivity to anticancer drugs, which mirrors the clin-
ical situation in early-phase trials of GBM. As patient-
specific drug sensitivities are represented from a range
of anticancer drugs with different modes of action, the
intertumoral heterogeneity of individual drug sensitiv-
ities reflects the difficulty in applying targeted treatment
strategies at the population level in GBM. We will fur-
ther pursue the ability to translate our drug screening
strategy to the patient bedside for functional precision
medicine and individualized therapy.
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Unsupervised hierarchical clustering of expressed genes related to (A)
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analyses of selected gene panels, the clusters do not separate the most
sensitive tumors from the others. Scale bar in all heat maps: log2-values.
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with a DSS of 29.1. Average DSS across all cultures is highlighted in blue.
(B) By using the average DSS in all GBM as a reference, the cultures were
classified according to the relative increased or decreased sensitivity to
bortezomib presented as selective DSS (sDSS) in the waterfall plot. (C)
Distribution of sDSS of the entire drug collection significantly differed
among the cultures (p< 0.0001) (one-way ANOVA corrected for multiple
comparisons, Kruskal-Wallis test with Dunn’s multiple comparisons test), and the
GSC cultures broadly clustered into three categories. (D) Correspondence analysis
of sDSS separated the cultures into most, moderate and least sensitive along the
first (component variance 19.1%), while the second component variance
(component variance 12.8%) identified the patterns of similar drug sensitivities
according to the drug category. Each dot in the scatter plot represents individual
drugs (rows), while individual tumors are highlighted (columns). (PDF 214 kb)

Additional file 8: Heat map of DSS in all drugs. Heat map and
unsupervised hierarchical clustering of absolute effects (DSS) of the entire
drug collection. Gray: failed/missing drug response. (PDF 148 kb)

Additional file 9: Heat map of sDSS in all drugs. Heat map and
unsupervised hierarchical clustering of relative effects (sDSS) of the entire
drug collection. Gray: failed/missing drug response. (PDF 148 kb)

Abbreviations
CDK: Cyclin-dependent kinase; DSRT: Drug sensitivity and resistance testing;
DSS: Drug sensitivity score; GBM: Glioblastoma; GSC: Glioblastoma stem cell;
HTS: High-throughput screening; IDH: Isocitrate dehydrogenase;

(See figure on previous page.)
Fig. 5 Heterogeneity in patient-specific drug responses in treatment-naïve GSCs. (a) Dot plot of the distribution of the patient-specific responses
(sDSS) in T1456 to all drugs with DSS !10 in any GSC culture displays the enrichment of proteasome inhibitor (green) clustering with increased
culture specificity and the insensitivity to aurora pathway inhibitors (yellow). (b) Dot plot displaying the distribution of the drug categories
clustering with the highest patient-selectivity in individual GSC cultures. Drugs are filtered by DSS !10 and sDSS !3, and drug classes are filtered
by O/E! 3 for the individual culture. Classes of drugs enriched in individual cultures are highlighted and display the extensive intertumoral
heterogeneity in patient-specific vulnerabilities to anticancer drugs. In cultures T1459, T1506 and T1547, the top 20 selective drug responses are
presented. Of the drugs with DSS !10, three drugs singly target HDAC, whereas two drugs (CUDC-907 and CUDC-101) have dual targets by
targeting HDAC along with PI3K or EGFR/Her2, respectively. In T1547, all five drugs that singly or as a dual target inhibit HDAC were found to
have the highest patient selectivity and were highlighted within the category of HDAC inhibitors. For the PLK1 inhibitors and bcl-2 inhibitors, O/E
was < 3 as only 2 drugs were represented in the drug collection; however, these drugs are highlighted as they displayed unique selectivity in
T1459 and T1547, respectively. (c) Dose-response curves of selected drug responses displaying the most sensitive tumor (colored line, drug
response is highlighted with enhanced rim in dot plot in B) and the least sensitive tumor (black line) compared to the average response in GBM
(dashed line). All drugs have (i) been tested in clinical trials of GBM (nintedanib, paclitaxel, topotecan), (ii) are currently in clinical trials of GBM
(belinostat (NCT02137759), sapanisertib (NCT02142803), and selinexor (NCT01986348), clinicaltrials.gov) or (iii) represent drugs within a class that
are being investigated in GBM (carfilzomib; proteasome inhibitors, idasanutlin; mdm2 inhibitors, clinicaltrials.gov). Both insensitive and highly
sensitive cultures are found in response to each drug
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Feasibility study of!using high-throughput 
drug sensitivity testing to!target recurrent 
glioblastoma stem cells for!individualized 
treatment
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Abstract 
Background: Despite the well described heterogeneity in glioblastoma (GBM), treatment is standardized, and clini-
cal trials investigate treatment e!ects at population level. Genomics-driven oncology for stratified treatments allow 
clinical decision making in only a small minority of screened patients. Addressing tumor heterogeneity, we aimed to 
establish a clinical translational protocol in recurrent GBM (recGBM) utilizing autologous glioblastoma stem cell (GSC) 
cultures and automated high-throughput drug sensitivity and resistance testing (DSRT) for individualized treatment 
within the time available for clinical application.

Results: From ten patients undergoing surgery for recGBM, we established individual cell cultures and characterized 
the GSCs by functional assays. 7/10 GSC cultures could be serially expanded. The individual GSCs displayed inter-
tumoral di!erences in their proliferative capacity, expression of stem cell markers and variation in their in vitro and 
in vivo morphology. We defined a time frame of 10 weeks from surgery to complete the entire pre-clinical work-up; 
establish individualized GSC cultures, evaluate drug sensitivity patterns of 525 anticancer drugs, and identify options 
for individualized treatment. Within the time frame for clinical translation 5/7 cultures reached su"cient cell yield for 
complete drug screening. The DSRT revealed significant intertumoral heterogeneity to anticancer drugs (p < 0.0001). 
Using curated reference databases of drug sensitivity in GBM and healthy bone marrow cells, we identified individual-
ized treatment options in all patients. Individualized treatment options could be selected from FDA-approved drugs 
from a variety of di!erent drug classes in all cases.

Conclusions: In recGBM, GSC cultures could successfully be established in the majority of patients. The individual 
cultures displayed intertumoral heterogeneity in their in vitro and in vivo behavior. Within a time frame for clini-
cal application, we could perform DSRT in 50% of recGBM patients. The DSRT revealed a remarkable intertumoral 
heterogeneity in sensitivity to anticancer drugs in recGBM that could allow tailored therapeutic options for functional 
precision medicine.
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Background
Glioblastoma (GBM) is a devastating form of cancer. 
Despite multidisciplinary treatment, the tumor almost 
invariably recurs within 9! months [1, 2]. For the recur-
rent disease, there are no treatment options documented 
to prolong survival, possibly leaving enrollment into a 
clinical trial the best treatment option [3].

"e survival benefit of repeated tumor resection in 
recurrent GBM (recGBM) is limited [4, 5]. Subsequently, 
only a minority of patients with recGBM undergo sec-
ondary surgery [1].

In the newly diagnosed GBM, sphere-forming glio-
blastoma stem cells (GSCs) derived from tumor biopsies 
is a well-studied and relevant model system of the treat-
ment-naïve disease [6–9]. "ere exists, however, limited 
data of the GSC population in recGBM [10]. "e biology 
of the recurrent disease, which ultimately is the disease 
the patients succumb to, therefore remains inadequately 
described. In turn, this leads to a clinical translational 
gap, as early phase clinical trials in GBM mostly recruit 
patients with recurrent disease while the foundation of 
these new treatments almost exclusively are based on 
treatment-naïve primary GBM models [10].

"e intricate tumor heterogeneity at the cellular and 
molecular level in the treatment-naïve GBM poses a sub-
stantial challenge for therapeutic progress on its own 
[11–14], but even more for treatment of the relapsed 
disease. Recent studies have described a longitudinal 
heterogeneity of tumor evolution following therapy, as 
the selection pressure exerted by standard treatment 
display tumor-to-tumor variability [15–18]. A fraction 
of relapsed tumors seems phylogenetically derived from 
dominant clones in the primary tumors, while others 
display a highly branched subclonal tumor evolution 
[15–17]. A minority of tumors develop a treatment-
induced hypermutational phenotype at recurrence [19, 
20]. Despite established tumoral and evolutional hetero-
geneity in GBM, clinical trials are still mostly designed 
to investigate treatment e#ects at the population level 
[21–23].

A therapeutic strategy to address tumor heterogeneity 
is matching the right drug to the individual patient using 
genomics-driven profiling. However, genomics-driven 
oncology for individualized treatments allows clinical 
decision making in only a small minority of screened 
patients. Even in the presence of a druggable oncogenic 
mutation the clinical applicability of targeted therapies 
has proven di$cult [24–26]. Individualized treatments 

may also be constructed using functional approaches by 
automated drug screening technology for testing of hun-
dreds of anticancer compounds directly to a patient’s 
cancer cells ex!vivo [27].

We have previously described the intertumoral het-
erogeneity in patient-specific drug sensitivity patterns 
in the treatment-naïve GBM [13]. However, the feasibil-
ity of translating automated drug sensitivity testing of a 
patient`s cancer cells ex!vivo to individualized treatment 
in solid tumors is immature [28]. "is study therefore 
aimed to establish a bed-to-bench-to-bed clinical trans-
lational protocol for individualized treatment in recGBM 
utilizing patient-specific recGBM stem cell cultures and 
high-throughput drug sensitivity and resistance test-
ing (DSRT). To evaluate feasibility, we investigated (i) 
the capability to propagate GSC cultures from recGBM 
ex! vivo, (ii) how tumor heterogeneity in recGBM is 
reflected in drug sensitivity patterns to a large panel of 
anticancer drugs, and (iii) whether individualized treat-
ment options can be suggested using automated drug 
screening and drug sensitivity scoring within a time 
frame suitable for clinical translation.

Methods
Brain tumor biopsies and!cell cultures
Glioblastoma biopsies were obtained from ten informed 
patients with explicit written consent undergoing sur-
gery for recGBM at Oslo University Hospital, Norway, 
as approved by "e Norwegian Regional Committee for 
Medical Research Ethics (REK 07321b, 2017/167). "e 
cell cultures were established both from several focal 
tumor biopsies and the ultrasonic aspirate generated 
during surgery. "e cell cultures were established and 
maintained under tumorsphere forming conditions, as 
previously described [6]. Di#erentiation was induced, and 
the cells were fixed and stained, as previously described 
[6]. Images were acquired using Olympus Soft Imag-
ing Xcellence software v.1.1. "e total number of cells in 
serial passaging was quantified as previously described 
[13]. All experiments in this study have been performed 
within the 10th passage of the individual culture. Patient 
characteristics are summarized in Additional file!1.

De"nition of!time frame of!clinical protocol
In cohorts after resection of recGBM the median pro-
gression-free survival is reported ranging from 2.0 to 
7.8!months [5, 29, 30]. To evaluate the feasibility of using 
autologous recurrent GSC cultures for individualized 

Keywords: Glioblastoma, Recurrent glioblastoma, Glioblastoma stem cells, High-throughput drug screening, Drug 
sensitivity and resistance testing, Individualized medicine, Drug sensitivity
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therapy, we defined a fixed time frame of 10!weeks from 
surgery to complete the entire pre-clinical work up; 
which included cell culture expansion (6! weeks), DSRT 
and data analysis (1! week), and treatment initiation 
(3!weeks).

Flow cytometry analysis
Cells were suspended in PBS with 2% fetal bovine serum 
(Biochrom) and stained with directly conjugated anti-
bodies (CD15-PerCP, R&D Systems, CD44-APC, "ermo 
Fisher Scientific, CD133-PE, Miltenyi Biotec, CXCR4-PE, 
Miltenyi Biotec) according to the manufacturer’s instruc-
tions. Cells were washed three times before analysis 
by flow cytometer LSRII (BD Bioscience). FlowJo soft-
ware v.10.4.1 was used for data analysis. Dead cells were 
excluded by propidium iodine ("ermo Fisher Scientific), 
and doublets were excluded by gating.

Intracranial transplantation
"e National Animal Research Authority approved all 
animal procedures (FOTS 8318). C.B.-17 SCID female 
mice (7–9! weeks old, Taconic, Ejby, Denmark) were 
anesthetized with a subcutaneous injection of zolaz-
epam (3.3! mg/mL), tiletamine (3.3! mg/mL), xylazine 
(0.45! mg/mL) and fentanyl (2.6! #g/mL). "e cells were 
prepared and 2!#L of a single cell suspension containing 
100,000!cells/#L was xenografted into the right striatum, 
as previously described [6]. "e animals were regularly 
monitored for signs of distress and killed by cervical dis-
location after 15!weeks or earlier if weight loss > 15% or 
neurological symptoms developed. "e brains were har-
vested and further processed as previously described [6]. 
Images of brain sections were acquired using Axio Scan.
Z1 (Carl Zeiss). Processing of images was performed 
using ImageJ 2.0.

qRT-PCR
RNA was extracted using the RNeasy Micro Kit (Qiagen 
GmbH) and evaluated by Nanodrop spectrophotom-
eter ("ermo Fisher) and Experion System (Bio-Rad). 
"e high capacity cDNA Reverse Transcription Kit, 
TaqMan Fast Advanced Master Mix, TaqMan oligonu-
cleotide primers and probes [Hs00157674_m1 (GFAP), 
Hs00801390_s1 (TUBB3)] and the ABI Prism Detec-
tion System and software (all from Applied Biosystems) 
were used according to the manufacturer’s instructions. 
Human $-Actin [Hs9999999903_m1 (ACTB)] was used 
as housekeeping gene. "e thermal cycling conditions 
were 20!s at 95! °C, followed by 40 cycles of 1!s at 95! °C 
and 20!s at 60!°C. "e relative gene expression levels were 
calculated using the standard curve method.

Subclassi!cation of"GSC cultures
Subgrouping of the GSC cultures as proneural or mes-
enchymal was performed by analyzing RNA sequenc-
ing data. "e library preparation was performed using 
the Truseq mRNA protocol according to the manufac-
turer and the samples sequenced on the Illumina HiSeq 
platform (paired end 2 ! 75! bp). Normalized expression 
data was further analyzed in J-Express 2012. Unsuper-
vised hierarchical clustering was performed as previously 
described [13].

Drug sensitivity and"resistance testing
"e oncology drug collection consisted of 525 antican-
cer compounds and covered most U.S. Food and Drug 
Administration and European Medicines Agency (FDA/
EMA)-approved anticancer drugs and investigational 
compounds with a broad range of molecular targets. 
35% (184/525) of the drugs were of approved status 
(both oncological and non-oncological indications). 48% 
(252/525) of the drugs were in clinical investigational 
phases, and the rest (17%, 89/525) in preclinical inves-
tigations. Overview of the drug collection is provided 
in Additional file! 2. "e high-throughput DSRT was 
undertaken using an automated facility at the Institute 
for Molecular Medicine Finland, University of Helsinki, 
Finland, as previously described [13]. "e cells were 
transported in L-15 (Lonza) as tumorspheres on ice. 
"e complete drug screening required > 107! cells. "e 
patient-derived recurrent GSCs were plated at a density 
of 3000! cells/well in pre-drugged plates and after 72! h 
cell viability was measured using CellTiter-Glo® Lumi-
nescent Cell Viability Assay, (Promega), as previously 
described [13]. "e resulting data were normalized to 
positive (benzethonium chloride) and negative (DMSO) 
control wells. "e quantification of drug sensitivity was 
utilized by the drug sensitivity score (DSS) [13, 31]. 
In brief, each drug was evaluated over a 5-point dose-
escalating pattern covering the therapeutic range. "e 
resulting dose–responses were analyzed by automated 
curve fitting defined by the top and bottom asymptote, 
the slope, and the inflection point  (EC50). "e curve fit-
ting parameters were used to calculate the area defined 
as area of drug activity (between 10% threshold and 100% 
relative inhibition to positive and negative control) rela-
tive to the total area. To reduce the impact of toxic drug 
e%ects, the integrated response was divided by the loga-
rithm of the top asymptote, as previously described [31]. 
"e quantification of drug sensitivity was then calculated 
into a single measure as the DSS. "e DSS ranges from 
0 to 50, where higher number translates into increased 
drug e&cacy. "e selective drug sensitivity score (sDSS) 
of each compound was calculated using two independent 



Page 4 of 15Skaga!et!al. Clin Trans Med            (2019) 8:33 

reference databases; (i) our in-house GBM drug screen-
ing database (up to n = 18 GBMs tested for drug sensi-
tivity to the drug collection) and (ii) the FIMM database 
of drug sensitivity to normal bone marrow cells from 
healthy donors (n = 5). Control samples of normal bone 
marrow cells were obtained from informed and consent-
ing donors, and the sampling was approved by the insti-
tutional ethics committee, as previously described [27, 
32]. !e DSS from which the GBM reference database is 
based upon is available from previous reports by [13] us 
together with the additional files presented in this study. 
!e sDSS was quantified as the di"erence between DSS 
in the individual sample to the average DSS of GBMs 
(denoted  sDSSGBM), and as the di"erence between DSS in 
the individual sample to the average DSS of normal#bone 
marrow cells (denoted  sDSSBM). !e selection of refer-
ence database is stated in the text when the analysis was 
applied.

Temozolomide treatment
Cells were plated at 5000# cells/well in a 96-well plate 
(Sarstedt), cultured for 24# h before adding TMZ. !e 
e$cacy of TMZ was evaluated over a 5-point dose-esca-
lating pattern covering the therapeutic range (therapeu-
tic range: 5.0–50# µM, test range 0.4–250# µM) [33]. Cell 
viability was assessed after 10# days of incubation using 
Cell Proliferation Kit II XTT (Roche) solution, according 
to the manufacturer’s instructions. !e absorbance was 
analyzed on a PerkinElmer EnVision. !e resulting data 
were normalized to positive (sepantronium bromide) 
and negative (DMSO) control wells. !e resulting dose-
response was analyzed by the DSS, as stated above.

Statistical considerations
Data analysis and graphic presentation were undertaken 
using GraphPad Prism 8.0, J-Express 2012 (Molmine), 
Keynote 9.0.2, Microsoft Excel 14.7.3 and R. Corre-
spondence analysis of drug responses and evaluation of 
the tumorsphere subgrouping were performed using 
J-Express 2012 (Molmine). Unsupervised hierarchical 
clustering and heat maps were generated using J-Express 
2012, GraphPad Prism 8.0, and R. Statistical analysis of 
the overall drug sensitivity between cultures was per-
formed using non-parametric one-way ANOVA of ranks 
with Kruskal–Wallis test. Correction for multiple com-
parisons was done by Dunn’s test. !e correlation anal-
yses were performed using Spearman correlation (%). A 
p-value < 0.05 was considered significant.

Results
Recurrent GBM patient characteristics
!e recurrent GSC (recGSC) cultures were established 
from ten patients undergoing surgery for recGBM. 9/10 

patients had completed standard-of-care treatment for 
primary GBM consisting of surgery followed by con-
comitant radiotherapy (RT) and chemotherapy with 
TMZ and thereafter adjuvant TMZ. One primary tumor 
(T1532) was at the time of diagnosis classified as an ana-
plastic oligoastrocytoma,  IDHwt without 1p/19q loss, 
that following the recent updated classification of glio-
mas now would be considered an anaplastic astrocytoma 
with molecular features of GBM. !is patient underwent 
surgery followed by RT before recurrence of a GBM. One 
patient (T1615) was included at the third surgery. !e 
median time from primary surgery to tumor relapse was 
11.9#months (range: 5.1–23.6). All relapsed tumors were 
unifocal and recurred within 2#cm of the resection cav-
ity from the primary surgery. Postoperative MRI dem-
onstrated five complete and five subtotal resections with 
minimal contrast enhancing residual tumor volume. !e 
clinical characteristics are provided in Additional file#1.

Preclinical characterization of!autologous recurrent GSC 
cultures
To allow for a wide drug screen, the DSRT required 
 107 cells. For translation to patient treatment within 
10#weeks, the cell yield had to be su$cient within 6#weeks 
of culturing (the time frame is schematically outlined in 
Fig.#1). Seven of the ten cultured recGBM biopsies could 
be maintained for > 10 serial passages, with six forming 
tumorspheres and one (T1608) proliferating with adher-
ent morphology. !ree samples could not be maintained 
in culture. Of the seven samples capable of long-term 
culturing, five reached the pre-determined cell yield 
within 6#weeks.

To explore stem cell properties of the individual 
cultures, the recGSC cultures with the capacity for 
long-term self-renewal (n = 7) were characterized by 
functional assays (Fig.#2, Additional file#3). !e individual 
cultures maintained their unique spheroid or adherent 
morphology upon serial passages (Fig.# 2a–c, additional 
file# 3). Within 15# weeks of grafting to immunodeficient 
mice, invasive intracranial tumors were formed in 6/7 
recGSC cultures. !e degree of tumor bulk formation 
and invasive pattern, however, displayed considerable 
tumor-to-tumor variability (Fig.#2a–c, Additional file#3). 
Further intertumoral di"erences were observed in the 
expression of GSC markers, the total cell yield following 
serial passaging, in#vitro di"erentiation morphology and 
in their ability to express glial and neuronal lineage spe-
cific markers upon di"erentiation (Fig.# 2a–f, Additional 
file# 3). Similar to GSC cultures from treatment-naïve 
GBM [13], the recGSC cultures displayed intertumoral 
heterogeneity in their in# vitro and in# vivo morphology, 
while preserving their individual traits, thus representing 
an individualized model of its parent tumor.
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Within the time frame of 6! weeks for expansion, five 
of seven recGSC cultures had su"cient cell numbers to 
undergo DSRT. For broader evaluation of drug sensitiv-
ity patterns in recGBM, one additional culture (T1532) 
underwent further culturing to reach adequate cell num-
bers for DSRT. Median passage number at the time of 
screening was 4.5 (range: 1–6).

Intertumoral heterogeneity in!drug sensitivity in!recGBM
We next explored whether tumor heterogeneity in 
recGSC cultures is reflected in the drug sensitivity to 
anticancer drugs using automated high-throughput 
technology. We have previously defined a DSS ! 10 as 
the threshold to classify a drug response as moder-
ate to strong [13]. In total 148 drugs (28% of the drug 
collection) displayed this response in the recGSC cul-
ture cohort. #e median was 63 drugs (range: 52–109) 
(Fig.!3a, b). Similar to the treatment-naïve disease [13], 
the sensitivity to any given drug was heterogeneous as 
55% (82/148) of drugs with a DSS ! 10 displayed inter-
tumoral di$erences equal to a moderate to strong drug 
sensitivity (%DSS ! 10,  DSSmax " DSSmin). #e overall 
sensitivity to the entire drug collection (n = 525) signif-
icantly di$ered between the cultures (p < 0.0001), and 
according to overall drug sensitivity the cultures were 
separated into two major clusters as the most (T1516, 
T1532, T1534) and the least (T1513, T1544, T1608) 

sensitive cultures (Fig.! 3c). Correspondence analy-
sis of the drug responses to the entire drug collection 
(n = 525 drugs) spread the cultures (n = 6) along the 
first component variance (25.6%) according to similar 
patterns in drug sensitivity. #e clustering clearly sepa-
rated T1516 and T1532 away from T1608. #e second 
component variance (22.9%) clearly separated one cul-
ture (T1534) away from the others, however, we could 
not identify a shared pattern of the clustering.

We have previously reported on the biological con-
sistency of the GSC model system in preserving indi-
vidual drug sensitivity and resistance patterns [13]. #e 
same consistency was found in cultures derived from 
the recurrent disease (Fig.! 3e–g, Additional files 4, 5). 
For instance, among pan-HER inhibitors (n = 4), T1532 
was the most sensitive culture to all inhibitors within 
that class (Fig.! 3e). Correlation matrices displayed an 
excellent correlation (Spearman, &) with an average 
ranked correlation (± standard deviation) of pan-HER 
inhibitors of 0.90 (± 0.08, Fig.! 3f, g). #e similar pat-
tern was found for drug resistance. While being the 
most sensitive to pan-HER inhibitors, T1532 was found 
to be the most resistant culture to CDK inhibitors. 
#e correlation matrices displayed an average correla-
tion (± standard deviation) of 0.82 (± 0.15) (Additional 
file!4). #ese patterns confirmed the findings from the 
treatment-naïve disease that individual drug sensitivity 

Fig. 1 Course of the disease and time frame for clinical protocol. Glioblastoma patients typically undergo surgery followed by combined radio- and 
chemotherapy for 6 weeks and thereafter monthly adjuvant chemotherapy. Despite this multimodal treatment the disease almost invariably recurs 
within 9 months. The time frame for this clinical protocol was defined as 10 weeks following surgery for recurrent GBM, which included expansion 
of individualized GSC cultures for 6 weeks, automated high-throughput drug screening and data analysis for 1 weeks and scheduling a treatment 
plan and initiation within 3 weeks
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and resistance patterns are consistent in the patient-
derived GSC culture model.

We next evaluated the overall heterogeneity in patient-
specific drug sensitivity according to classes of drugs. 
Selecting drugs based on DSS ! 10 (above moderate 

e!cacy) and  sDSSGBM ! 5 (high patient-specificity), 
we found a remarkable heterogeneity in the individ-
ual recGSC cultures sensitivity to di"erent classes of 
anticancer drugs. #e drugs comprised a variety of 
classes and mechanistic targets including conventional 

Fig. 2 Characterization of glioblastoma stem cells from recurrent GBM. a–c Pre- and post-operative T1-weighted, contrast-enhanced MRI of three 
recurrent GBM with the corresponding sphere-, cellular- and xenograft morphology. The individual cultures displayed extensive tumor-to-tumor 
heterogeneity in their in vitro morphology (e.g. adherent growth in T1608, various di!erentiation morphology) and in their induced tumor 
phenotype (e.g. mainly bulk formation In T1534, mainly invasive in T1608). Arrow points to compressed lateral ventricle. Xenografts stained with 
hematoxylin & eosin. In the recGSC cultures the tumors were harvested after 15 weeks following xenografting. d Total cell yield following serial 
passages revealed intertumoral variability in their capacity for cell proliferation. Dashed lines represent tumors that could not be serially expanded. e 
Intertumoral heterogeneity in the expression of stem cell related markers evaluated by flow cytometry. f Upon di!erentiation all cultures evaluated 
increased their expression of glial lineage marker GFAP, and all but one (T1513) increased the expression of the neuronal lineage marker "3-tubulin. 
Scale bar in the light microscopy images: 100 µm. Scale bar in fluorescent images 20 µm. Scale bar in brain sections 1 mm. T tumor, CC corpus 
callosum
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Fig. 3 Heterogeneity in drug sensitivity in recGSCs. a Dose–response curves of the pan-HER inhibitor canertinib display the variation in drug 
e!cacy in the recGSC cultures. Three responses are classified below the threshold for moderate activity (DSS ! 10). b Distribution of the number of 
drugs displaying a DSS ! 10 across the recGSC cultures. c Using a non-parametric one-way ANOVA of ranks, a significant di"erence was observed 
in the overall drug sensitivity across the cultures (p < 0.0001). According to the individual culture’s sensitivity to the entire drug collection (n = 525 
drugs), they separated into two major clusters as the most and least sensitive. d Clustering of recGSC cultures by correspondence analysis based 
on all drug responses (n = 525) in all tumors (n = 6). The dots in the scatter plot represents the drugs in the DSRT and the color shading represent 
a heat map of where the average of the data is located. The scattering of tumors in the plot display both how they di"er from the average and 
how tumors cluster together based on similarities in drug sensitivity patterns. e In the DSRT there were four pan-HER inhibitors that displayed a 
DSS ! 10 in recGSC cultures. f The consistency of T1532 being the most sensitive and T1544 the most resistant displayed an excellent correlation 
in correlation matrices (Spearman, #). g p-values in the correlation matrix of the pan-HER inhibitors. h Selecting for drugs with at least moderate 
e!cacy (DSS ! 10) and increased patient-selectivity  (sDSSGBM ! 5) the distribution of individual classes of drugs with selective e!cacy revealed a 
considerable tumor heterogeneity in drug sensitivity in recGSC cultures
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chemotherapies (antimitotics), hormone therapies (estro-
gen receptor inhibitors), metabolic modifiers (statins) 
and several di!erent kinase inhibitors (CDK-, Chk1-, 
EGFR-, HER-, and MEK1/2 inhibitors) (Fig."3h).

After establishing di!erences in overall drug sensitivity 
and in individual drug sensitivity patterns in the recGSC 
culture cohort, unsupervised hierarchical clustering of 
selective drug responses (by  sDSSGBM) revealed that the 
relationship of cultures with similar drug sensitivity pat-
terns was linked to the mechanistic target of the drugs 
(Fig."4, Additional files 6, 7).

Sensitivity to!temozolomide in!recGSCs
As 6/7 of the recurrent GBM patients had been treated 
with TMZ, the recGSCs should in principle be TMZ-
resistant. #is could be used to evaluate the validity of 
the drug screening. In the DSRT none of the recGSC 
cultures displayed any sensitivity to TMZ (DSS = 0 in 
all cultures, Additional file" 5). To evaluate sensitivity to 
alkylating agents in clinically relevant concentrations, 
we and others have previously reported that cell viability 
assays require longer incubation for adequate evaluation 
[34, 35]. We therefore performed additional cell viabil-
ity assays of 10"days incubation using clinically relevant 
concentrations in the seven recGSC cultures. None of the 
cultures displayed any sensitivity to TMZ correspond-
ing to at least moderate e$cacy. #e median DSS was 
1.2 (range: 0.0–6.1). #e resistance to TMZ was linked 
to MGMT gene promoter status. 6/7 cultures were clas-
sified as MGMT promoter unmethylated (cut o! < 10%), 
while one culture (T1534) was 79.5% MGMT promotor 
methylated but still TMZ resistant at recurrence (Addi-
tional file"8).

Functional precision medicine for!individualized therapy 
in!recurrent GBM
#e heterogeneity in drug sensitivity in recGBM was 
found in the individual cultures at the level of overall 
sensitivity, in sensitivity to specific drug classes, and in 
sensitivity to individual drugs with specific mechanistic 
targets. #e DSRT could therefore identify individual-
ized treatment options in each patient-derived recGSC 
culture. For individualized therapy selection, we focused 
on compounds that exhibited at least a moderate drug 
response (DSS ! 10) combined with a selective drug 
response (sDSS) to the individual patient (Fig." 5a). For 
patient-specific drug response evaluation, we utilized our 
in-house reference databases of drug sensitivity (data-
base of drug sensitivity in (i) GBM and (ii) bone marrow 
cells from healthy donors) to quantify the di!erential 
responses (Fig."5b).

#e DSRT revealed remarkable intertumoral hetero-
geneity in drug sensitivities for individualized therapy 

(Fig."5, Additional file"9). For instance, T1534, which was 
found as one of the most sensitive cultures to the entire 
drug collection, and clearly separating along the second 
component variance in correspondence analysis, had 
highly patient-specific responses to a diverse range of 
drug classes including checkpoint kinase 1 inhibitors, 
estrogen receptor inhibitors and statins (Fig."5b, c). Addi-
tionally, single drug responses from a range of classes 
and mechanistic targets were identified, e.g. indibulin 
(conventional chemotherapy), daporinad (metabolic 
modifier), chloroquine (antimalarial drug/autophagy 
inhibitor), BAY 87-2243 (HIF1 inhibitor) and several dif-
ferent kinase inhibitors (the PI3K-inhibitor copanlisib 
and the PAK-inhibitor FRAX486). Several of the patient-
specific drug responses were from drugs of approved sta-
tus (e.g. atorvastatin, chloroquine, clomifene, copanlisib, 
raloxifene, simvastatin) with potential for fast clinical 
translation.

We identified e!ective (DSS ! 10) and selective (with 
both  sDSSGBM and  sDSSBM ! 5) anticancer drugs with 
approved status in all recGSC cultures (Fig."5b–g, Addi-
tional files 10, 11). #e number of drugs of approved 
status di!ered among the cultures, demonstrating that 
selection of drugs for patient treatment is more complex 
in certain tumors. Further highly selective drug responses 
(DSS ! 10 and both  sDSSGBM and  sDSSBM ! 10) of either 
approved drugs or drugs in clinical developmental phases 
were found in 5/6 recGSC cultures that underwent DSRT, 
suggesting potential for patient-specific therapy options 
with highly selective drugs for functional precision medi-
cine (Fig."5, Additional file"9).

Discussion
#is study demonstrates the feasibility of a bed-to-bench-
to-bed clinical translational protocol in recGBM utilizing 
automated drug screening and autologous recGSC cul-
tures for individualized therapy selection. From surgical 
biopsies in recGBM, we were able to expand GSCs form 
70% of the patients and generate adequate cell numbers 
from 50% within a clinically acceptable time period. #e 
DSRT revealed patient-specific drug vulnerabilities to 
single drugs, as well as classes of drugs, with the potential 
for fast clinical translation. #e sensitivity profiles cov-
ered a range of drug classes and molecular targets that 
demonstrated a remarkable intertumoral heterogeneity 
in drug sensitivity patterns in recGSCs.

#e complex heterogeneity in GBM represents a sub-
stantial challenge for therapeutic progress. #e heteroge-
neity in primary GBMs have widely been described at the 
cellular [9], and molecular [11, 12, 14] level, resulting in 
a heterogeneous clinical picture evident by interpatient 
di!erences in tumor growth kinetics [36], response to 
current therapies and survival [37]. Recent studies have 
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Fig. 4 Unsupervised hierarchical clustering of drug sensitivity patterns in recGBM. Heat map and unsupervised hierarchical clustering of 
patient-specific drug responses  (sDSSGBM) with Euclidian distance (cultures and drugs). The heat map is filtered by DSS ! 10 and sDSS ! or " 7 
(n = 76 drugs). PN proneural, M mesenchymal, UN unmethylated MGMT promoter, ME methylated MGMT promoter
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looked into the biology of the relapsed disease and added 
new dimensions of heterogeneity by describing tumor-to-
tumor variations in evolutionary dynamics of treatment 
resistant tumor cell populations [15–17]. !is translates 
into a complex intertumoral heterogeneity at the time 

of recurrence of GBM. Consequently, targets identified 
based on analyses of the of the untreated disease may 
not be informative in treating the heavy-pretreated and 
relapsed GBM. As expected, we found intertumoral het-
erogeneity in patient-derived recGSC cultures in their 

Fig. 5 Individual therapeutic options in recGSC cultures. a Waterfall plot of the 15 most (red) and 15 least selective (blue) drug responses in T1534 
by  sDSSGBM. The plot displays the sensitivity to e.g. statins and estrogen receptor inhibitors, and the resistance to MDM2 inhibitors (SAR405838, 
AMG-232, Idasanutlin). b Dot plot of sDSS in T1534 using both the GBM (x-axis) and healthy bone marrow (y-axis) reference databases. Classes 
(color coded) and single drugs with patient-specific activity in T1534 are highlighted. c The corresponding dose–response curves of selected 
drug responses in T1534. d, e Similar dot plot and selected dose–response curves in T1516. T1516 displayed a remarkable sensitivity to EGFR- and 
HER-inhibitors, of which several with approval status available for fast translation. f, g Dot plot and selected dose-response curves in T1544. T1544 
was among the least sensitive tumors, and displayed an increased sensitivity to MDM2-inhibitors, that currently are evaluated in clinical trials of 
GBM (NCT03158389)
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proliferative capacity, phenotype of xenograft (tumor 
bulk and invasion patterns), and patient-specific sensi-
tivities to anticancer drugs. Together, this supports the 
notions that treatment strategies in recGBM should be 
individualized and must be translated from preclinical 
studies using material and models from recGBM.

!e natural course of recGBM leads to rapid disease 
progression and clinical deterioration. !is makes it chal-
lenging to establish a direct clinical translational protocol 
utilizing time-consuming generation of individualized 
cell cultures. Inclusion following this protocol is inher-
ently limited to patients eligible for secondary surgery. It 
has been estimated that up to 30% of recGBM are acces-
sible to undergo secondary surgery [3, 4]. Such estimates, 
however, are primarily based on studies with a retrospec-
tive design. In cohorts of recGBM patients enrolled in 
clinical surgical trials the fraction of patients undergoing 
secondary surgery are reported to be considerably higher 
[2, 5]. !is protocol further relies on the ability to suc-
cessfully establish cell cultures. !e success rate has been 
reported to be as low as 30% and 25% in primGBM and 
recGBM, respectively [38]. In an operating series, we 
have previously reported a success rate of establishing 
cell cultures in > 70% of first surgery GBM biopsies [7], 
which compares similarly to the success rate in estab-
lishing individual cell cultures from recGBM in this 
study. However, as we defined a time frame of 6" weeks 
for cell culture establishment and proliferation this fur-
ther selected 50% of the total patient cohort eligible for 
treatment. !ere are, however, some adjustable variables 
in this protocol. !e extent of DSRT can be adjusted by 
reducing the number of drugs (e.g. 17% of the drugs are 
in preclinical development not available for fast clinical 
translation). !e number of drugs can also be custom-
ized to the individual cell culture according to the total 
cell yield for faster DSRT to allow for a higher fraction of 
patients to be screened at a lower complexity.

!e fixed time frame of 10"weeks for this protocol may 
seem rigid. After performing 6" weeks of cell culturing 
and 1"week for DSRT and analysis, this leaves 3"weeks for 
treatment planning and implementation. !e time period 
was chosen to evaluate the feasibility of finalizing the 
preclinical work-up for clinical translation in a heteroge-
neous recGBM population. We acknowledge that some 
patients experience disease progress within 10" weeks 
[39]. We may, however, reach enough cells before 6"weeks 
leading to faster DSRT. Similarly, in patients where the 
recGSC expansion is slower, the time frame for cell cul-
turing can be expanded if the patient does not experi-
ence detrimental disease progression. !e preclinical 
work-up can thus be adjusted for each patient for optimal 
arrangement.

In our DSRT we found patient-specific sensitivity to 
a wide range of FDA-approved drugs across di#erent 
mechanistical classes, such as topoisomerase I inhibi-
tors (e.g. irinotecan, topotecan), EGFR-inhibitors (e.g. 
afatinib, erlotinib), and estrogen-receptor inhibitors 
(e.g. clomiphene, tamoxifen). Drugs from these classes 
have previously been investigated in clinical trials in 
GBM [40–46]. Overall, the e#ectiveness of these drugs 
appears very limited, but usually cases of partial and 
complete responses are reported. Such responses sug-
gest a heterogeneous pattern in drug sensitivity among 
patients in clinical trials. In support of clinical variation 
in drug sensitivities in GBM, the standard-of-care with 
TMZ display various e#ectiveness in patients. Sensitiv-
ity to TMZ can be predicted by methylation status of 
the MGMT-promoter [37], and tumors that are IDH-
mutated have better survival prospects following stand-
ard-of-care treatment [47]. Importantly, however, even 
in IDH wild-type tumors that have an unfavorable meth-
ylation profile (unmethylated MGMT promoter), some 
patients respond to TMZ treatment as demonstrated by 
the increased fraction of patients surviving over 2"years 
after the introduction of TMZ [48]. We have previously 
reported a heterogeneity of individual drug sensitiv-
ity in the treatment-naïve disease that mirrors clinical 
response patterns [13]. We hypothesize that the ex"vivo 
DSRT model system may identify patients with tumor 
cells with the highest susceptibility to a drug or class of 
drugs. However, it is important to consider the limita-
tions ex"vivo DSRT presents for drug discovery, as a very 
simplified model compared to the complex biological sys-
tem in a patient.

A major challenge in the treatment of tumors of the 
central nervous system (CNS) is the ability to reach ade-
quate concentrations of the drug within both the tumor 
and brain parenchyma across the blood–brain barrier 
(BBB). Penetrability and brain tissue concentrations 
of anticancer agents are for the vast majority of drugs, 
including the drugs in this study, unfortunately unknown 
[49, 50]. Selected compounds, such as alkylating agents 
(e.g. TMZ), nucleoside analogs (e.g. gemcitabine), topoi-
somerase inhibitors (e.g. topotecan), and a few kinase 
inhibitors (e.g. gefitinib, erlotinib), have been evalu-
ated for brain penetrability with varying results [50]. A 
major limitation in most human studies addressing BBB 
penetrability is the indirect measurement of brain con-
centrations levels using cerebrospinal fluid (CSF) con-
centrations as a surrogate evaluation [50]. !us, the true 
concentrations of brain parenchyma levels for the vast 
majority of anticancer drugs, including TMZ, are inade-
quately described. Evidence of brain penetrability of anti-
cancer drugs can, however, also be inferred from clinical 
trials reporting tumor responses in neuro oncological 
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disorders, such as in primary brain tumors or CNS 
metastases [43, 51, 52]. Examples include osimertinib 
in CNS metastases from non-small cell lung cancer [52] 
and trametinib in metastases from malignant melanoma 
[53]. !e DSRT revealed selective drug responses of com-
pounds with evidence of brain penetrability (for instance 
afatinib [43], chloroquine [51], osimertinib [52], selinexor 
[54], trametinib [53], topotecan [41]) in all but one 
recGSC culture. Importantly, there are further emerging 
technologies to disrupt the BBB to enhance tissue con-
centrations of anticancer compounds for drugs with poor 
penetrability [55].

Intratumoral heterogeneity is a major challenge when 
applying targeted treatment strategies [56]. A single 
tumor biopsy involves a fraction of the total tumor vol-
ume, potentially not capturing more peripheral sub-
clones. To maximize clonal diversity, we utilized both 
tumor core sampling from several focal biopsies along 
with the ultrasonic aspirate generated during surgery. 
We utilized low passage cell cultures for DSRT and con-
firmed the tumorigenicity of tumor cells by orthotopi-
cally xenografting to immunodeficient mice. However, 
the study relies on in"vitro evaluation of drug sensitivity, 
as the time frame for clinical translation is not feasible 
for in" vivo studies. Furthermore, the DSRT investigates 
only sensitivities to single compounds. We acknowledge 
that single compound treatment seems of limited value in 
recGBM patients [56]. For investigation of drug sensitivi-
ties to several hundreds of anticancer drugs the require-
ment of total number of cells is extensive. Additional 
investigation of combination therapies would vastly 
increase requirements of cells along with the complexity 
of the system, and the major limiting factor in this trans-
lational protocol is the number of cells generated in cell 
culture. It is, however, possible to introduce combination 
treatments informed by DSRT although their combined 
e#ect not have been evaluated ex" vivo. For successful 
clinical translation of combinational therapies, the choice 
of therapy must be carefully undertaken, considering e$-
cacy, biodistribution and interactions.

Although the DSRT identified e#ective drugs available 
for clinical translation in all patients, the drug response 
patterns were remarkably heterogeneous across the 
recGSC culture cohort. For instance, T1516 and T1532 
displayed a high sensitivity to EGFR-inhibitors, whereas 
EGFR-inhibitors demonstrated very limited e$cacy in the 
remaining tumors. EGFR is a commonly altered gene in 
GBM that has made it an attractive target for GBM ther-
apy. Results in clinical trials targeting EGFR alterations, 
even in highly selected patients, have unfortunately pre-
sented disappointing results [22]. Translating a genomic 
alteration into a relevant functional inhibition in a GBM 
cells [57] or glioma patients [24] is, however, complex. 

Results from the DSRT of both the untreated disease 
[13] and the recurrent tumors in this study, have shown 
consistency in the drug sensitivity patterns across a class 
of drugs in the individual tumor. !us, the understand-
ing of biological traits involved in drug sensitivity, such 
as sensitivity to EGFR-inhibitors, could be further eluci-
dated by combining DSRT with molecular profiling of 
the individual tumor [28]. Such integration of genomic 
and functional data has stratified patients with acute 
myeloid leukemia into a functional taxonomy [27]. A 
similar approach of correlating genomic profiling to drug 
responses could strengthen the data presented in this 
study to more in-depth elucidate the biology underlying 
drug sensitivity. !e aim of the current study was, how-
ever, to explore the feasibility of using functional profiling 
to develop a translational clinical protocol for individual-
ized treatment decisions in recGBM. To create functional 
taxonomies in GBM would require larger culture cohorts 
for more robust linkages. An important implication of 
such analyses would be the ability to create a database 
that relates drug sensitivity patterns to tumor genetics to 
identify potential therapies even when only genomic data 
are available. In turn, that could benefit the fraction of 
patients were the derived tumor biopsies not adequately 
proliferate to perform DSRT. It may also be of benefit to 
inform therapeutic strategies within a shorter time frame, 
as the current clinical protocol relies in the time-consum-
ing generation of individualized cell cultures.

Conclusions
In summary, we have established the pipeline for a trans-
lational clinical protocol targeting glioblastoma stem cells 
in recGBM utilizing automated drug sensitivity testing. 
We found an extensive intertumoral heterogeneity in 
sensitivity to anticancer drugs in recGBM that mirrors 
the clinical heterogeneity in drug sensitivity in GBM. 
!is adds experimental evidence to why population-
based treatments of targeted therapies seem of limited 
value in a heterogeneous GBM population. In support for 
fast clinical translation, we found FDA-approved drugs 
displaying patient-specific activity in all recGBM cultures 
to guide individualized treatment decisions. We will fur-
ther utilize the protocol to translate ex"vivo DSRT to the 
patient bedside for functional precision medicine, how-
ever, the protocol presented here is readily translatable to 
other cancers grown as tumorspheres.

Supplementary information
Supplementary information accompanies this paper at https ://doi.
org/10.1186/s4016 9-019-0253-6.

Additional !le"1. Patient characteristics. Patient characteristics of which 
all patient-derived recGSC cultures were obtained. 



Page 13 of 15Skaga!et!al. Clin Trans Med            (2019) 8:33 

Additional !le"2. Drug collection. The drug collection used in this study. 

Additional !le"3. Preclinical characterization of recGSC cultures. MRI, 
in vitro spheroid and di!erentiation morphology and the subsequent 
xenograft upon transplantation of immunodeficient mice. T = Tumor. 

Additional !le"4. Drug sensitivity in recurrent GSCs across di!erent drug 
classes and molecular targets. The figure displays drug class, the drug 
sensitivity in recGSC cultures, and average (± SD) Spearman’s coe"cient 
(#) from correlation matrices. The figure displays selected drug categories 
from di!erent classes to highlight the consistency in similar drug sensitiv-
ity patterns in the individual culture to a specific class of drugs. 

Additional !le"5. Drug sensitivity scores. All drug sensitivity scores for 
recGSCs generated in the study. 

Additional !le"6. Heat map of DSS in all drugs and cultures. Heat map 
and unsupervised hierarchical clustering of absolute e!ects (DSS) of the 
entire drug collection. 

Additional !le"7. Heat map of sDSS in all drugs and cultures. Heat map 
and unsupervised hierarchical clustering of relative e!ects  (sDSSGBM) of 
the entire drug collection. 

Additional !le"8. Sensitivity to TMZ and MGMT promoter methylation 
status. 

Additional !le"9. Individualized therapeutic options in recGSCs. Dot 
plot of sDSS relative to both reference libraries (GBM: x-axis, BM: y-axis) in 
T1513, T1532 and T1608. 

Additional !le"10. Dot plot of FDA-approved drugs with patient-specific 
activity in all recGSC cultures. Drugs are filtered by at least moderate 
e"cacy DSS ! 10 and  sDSSGBM ! 3. 

Additional !le"11. Heat map of FDA-approved drugs. Heat map and 
unsupervised hierarchical clustering of relative e!ects  (sDSSGBM) of FDA-
approved drugs filtered by DSS ! 10 and  sDSSGBM ! or " 3.

Abbreviations
BBB: blood brain barrier; CDK: cyclin-dependent kinase; Chk1: checkpoint 
kinase 1; CNS: central nervous system; DSRT: drug sensitivity and resistance 
testing; DSS: drug sensitivity score; EGFR: epidermal growth factor receptor; 
FDA: U.S. Food and drug administration; GBM: glioblastoma; GSC: glioblastoma 
stem cell; HER: human epidermal growth factor receptor; HTS: high-through-
put screening; IDH: isocitrate dehydrogenase; MEK: mitogen activated protein 
kinase; MGMT: O6-methylguanine-DNA methyltransferase; recGBM: recurrent 
glioblastoma; recGSC: recurrent glioblastoma stem cell; sDSS: selective drug 
sensitivity score; TMZ: temozolomide.

Acknowledgements
We are grateful for the technical assistance by Emily T. Palmero, Maria 
Walewska, Zanina Grieg (Institute for Surgical Research, Oslo University 
Hospital, Norway), Aija Kyttälä and Anne Nyberg (National Institute for Health 
and Welfare, Finland) in the cell culturing. We are grateful for the technical 
assistance by the Flowcytometry Core Facility at Oslo University Hospital, 
The Norwegian Brain Initiative (NORBRAIN) at University of Oslo and the 
sequencing/microarray services provided by Helse Sør-Øst Genomics and 
Bioinformatics Core Facility at Oslo University Hospital. The authors would also 
like to thank Sissel Reinlie, Head of Department of Neurosurgery, and Håvard 
Attramadal, Director of Institute for Surgical Research, Oslo University Hospital, 
for creating a great research environment.

Authors’ contributions
Conceived the study and study design: ES, IAL, AL, EGP, MP, KW, EOVM. Col-
lected and handling the samples: ES, EK, MB, EOVM. Designed and conducted 
experiments: ES, EK, MB, CJS, EOVM. Assisted in bioinformatics analyses: ES, EK, 
CJS, SP, EOVM. Interpreted the data: ES, EK, CJS, SP, EOVM. Wrote the manu-
script: ES, EK, KW, EOVM. All authors read and approved the final manuscript.

Funding
The study was funded by The Norwegian Cancer Society (GRANT# 144402). 
The funder solely provided financial support and had no role in designing, 
conducting, interpretation, or analysis of the data.

Availability of data and materials
Data from the drug screening of all recurrent GBMs are included in this pub-
lished article and its additional files. All other data used in the current study 
are available from the corresponding author on reasonable request.

Ethics approval and consent to participate
The Norwegian Regional Committee for Medical Research Ethics (REK 07321b, 
2017/167) approved all procedures performed in studies involving human 
participants. Written informed consent was obtained from all individual 
participants included in the study. The National Animal Research Authority 
approved all animal procedures (FOTS 8318).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Vilhelm Magnus Laboratory for Neurosurgical Research, Institute for Surgi-
cal Research and Department of Neurosurgery, Oslo University Hospital, P.O. 
Box 4950, Nydalen, 0424 Oslo, Norway. 2 Institute of Clinical Medicine, Faculty 
of Medicine, University of Oslo, P.O. Box 1112, Blindern, 0317 Oslo, Norway. 
3 Institute for Molecular Medicine Finland, FIMM, University of Helsinki, 
Tukholmankatu 8, 00290 Helsinki, Finland. 4 Department of Neurosurgery, 
Helsinki University Hospital and Clinical Neurosciences, University of Helsinki, 
Topeliuksenkatu 5, 00260 Helsinki, Finland. 

Received: 3 November 2019   Accepted: 19 December 2019

References
 1. Stupp R, Mason WP, van den Bent MJ, Michael WM, Fisher B, Taphoorn MJ 

et al (2005) Radiotherapy plus concomitant and adjuvant temozolomide 
for glioblastoma. N Engl J Med 352:987–996

 2. Ringel F, Pape H, Sabel M, Krex D, Bock H, Misch M et al (2016) Clinical 
benefit from resection of recurrent glioblastomas: results of a multicenter 
study including 503 patients with recurrent glioblastomas undergoing 
surgical resection. Neuro-oncology. 18:96–104

 3. Weller M, van den Bent M, Tonn JC, Stupp R, Preusser M, Cohen-Jonathan-
Moyal E et al (2017) European Association for Neuro-Oncology (EANO) 
guideline on the diagnosis and treatment of adult astrocytic and oligo-
dendroglial gliomas. Lancet Oncol 18:e315–e329

 4. Nava F, Tramacere I, Fittipaldo A, Bruzzone M, Dimeco F, Fariselli L et al 
(2014) Survival e!ect of first- and second-line treatments for patients 
with primary glioblastoma: a cohort study from a prospective registry, 
1997–2010. Neuro Oncol 16:719–727

 5. Suchorska B, Weller M, Tabatabai G, Senft C, Hau P, Sabel MC et al (2016) 
Complete resection of contrast-enhancing tumor volume is associated 
with improved survival in recurrent glioblastoma-results from the DIREC-
TOR trial. Neuro Oncol 18:549–556

 6. Vik-Mo E, Sandberg C, Olstorn H, Varghese M, Brandal P, Ramm-Pettersen 
J et al (2010) Brain tumor stem cells maintain overall phenotype and 
tumorigenicity after in vitro culturing in serum-free conditions. Neuro 
Oncol 12:1220–1230

 7. Vik-Mo E, Nyakas M, Mikkelsen B, Moe M, Due-Tønnesen P, Suso E et al 
(2013) Therapeutic vaccination against autologous cancer stem cells with 
mRNA-transfected dendritic cells in patients with glioblastoma. Cancer 
Immunol Immunother CII. 62:1499–1509

 8. Joo K, Kim J, Jin J, Kim M, Seol H, Muradov J et al (2013) Patient-specific 
orthotopic glioblastoma xenograft models recapitulate the histopathol-
ogy and biology of human glioblastomas in situ. Cell Rep 3:260–273

 9. Lan X, Jörg DJ, Cavalli FM, Richards LM, Nguyen LV, Vanner RJ et al (2017) 
Fate mapping of human glioblastoma reveals an invariant stem cell 
hierarchy. Nature 549:227–232

 10. Campos B, Olsen L, Urup T, Poulsen H (2016) A comprehensive profile of 
recurrent glioblastoma. Oncogene 35:5819–5825



Page 14 of 15Skaga!et!al. Clin Trans Med            (2019) 8:33 

 11. Sottoriva A, Spiteri I, Piccirillo SG, Touloumis A, Collins PV, Marioni JC et al 
(2013) Intratumor heterogeneity in human glioblastoma reflects cancer 
evolutionary dynamics. Proc Natl Acad Sci 110:4009–4014

 12. Patel AP, Tirosh I, Trombetta JJ, Shalek AK, Gillespie SM, Wakimoto H et al 
(2014) Single-cell RNA-seq highlights intratumoral heterogeneity in 
primary glioblastoma. Science 344:1396–1401

 13. Skaga E, Kulesskiy E, Fayzullin A, Sandberg CJ, Potdar S, Kyttälä A et al 
(2019) Intertumoral heterogeneity in patient-specific drug sensitivities in 
treatment-naïve glioblastoma. BMC Cancer. 19:628

 14. Neftel C, La!y J, Filbin MG, Hara T, Shore ME, Rahme GJ et al (2019) An 
integrative model of cellular states, plasticity, and genetics for glioblas-
toma. Cell 178:1–15

 15. Wang J, Cazzato E, Ladewig E, Frattini V, Rosenbloom DI, Zairis S et al 
(2016) Clonal evolution of glioblastoma under therapy. Nat Genet 
48:768–776

 16. Kim H, Zheng S, Amini SS, Virk SM, Mikkelsen T, Brat DJ et al (2015) 
Whole-genome and multisector exome sequencing of primary and post-
treatment glioblastoma reveals patterns of tumor evolution. Genome Res 
25:316–327

 17. Kim J, Lee I-H, Cho H, Park C-K, Jung Y-S, Kim Y et al (2015) Spatiotemporal 
evolution of the primary glioblastoma genome. Cancer Cell 28:318–328

 18. Schäfer N, Gielen GH, Rauschenbach L, Kebir S, Till A, Reinartz R et al 
(2019) Longitudinal heterogeneity in glioblastoma: moving targets in 
recurrent versus primary tumors. J Transl Med 17:96–99

 19. Hunter C, Smith R, Cahill DP, Stephens P, Stevens C, Teague J et al (2006) 
A hypermutation phenotype and somatic MSH6 mutations in recurrent 
human malignant gliomas after alkylator chemotherapy. Cancer Res 
66:3987–3991

 20. Johnson BE, Mazor T, Hong C, Barnes M, Aihara K, McLean CY et al (2014) 
Mutational analysis reveals the origin and therapy-driven evolution of 
recurrent glioma. Science 343:189–193

 21. Stupp R, Taillibert S, Kanner A, Read W, Einberg D, Lhermitte B et al (2017) 
E!ect of tumor-treating fields plus maintenance temozolomide vs main-
tenance temozolomide alone on survival in patients with glioblastoma. 
JAMA. 318:2306–2311

 22. Weller M, Butowski N, Tran DD, Recht LD, Lim M, Hirte H et al (2017) 
Rindopepimut with temozolomide for patients with newly diagnosed, 
EGFRvIII-expressing glioblastoma (ACT IV): a randomised, double-blind, 
international phase 3 trial. Lancet Oncol 18:1373–1385

 23. Stupp R, Hegi ME, Gorlia T, Erridge SC, Perry J, Hong Y-K et al (2014) 
Cilengitide combined with standard treatment for patients with newly 
diagnosed glioblastoma with methylated MGMT promoter (CENTRIC 
EORTC 26071-22072 study): a multicentre, randomised, open-label, phase 
3 trial. Lancet Oncol 15:1100–1108

 24. Karajannis MA, Legault G, Fisher MJ, Milla SS, Cohen KJ, Wiso! JH et al 
(2014) Phase II study of sorafenib in children with recurrent or progressive 
low-grade astrocytomas. Neuro Oncol 16:1408–1416

 25. Tourneau C, Delord J-P, Gonçalves A, Gavoille C, Dubot C, Isambert N et al 
(2015) Molecularly targeted therapy based on tumour molecular profiling 
versus conventional therapy for advanced cancer (SHIVA): a multicentre, 
open-label, proof-of-concept, randomised, controlled phase 2 trial. 
Lancet Oncol 16:1324–1334

 26. Marquart J, Chen EY, Prasad V (2018) Estimation of the percentage of US 
patients with cancer who benefit from genome-driven oncology. JAMA 
Oncol. 4:1093

 27. Pemovska T, Kontro M, Yadav B, Edgren H, Eldfors S, Szwajda A et al 
(2013) Individualized systems medicine strategy to tailor treatments for 
patients with chemorefractory acute myeloid leukemia. Cancer Discov 
3:1416–1429

 28. Pauli C, Hopkins BD, Prandi D, Shaw R, Fedrizzi T, Sboner A et al (2017) Per-
sonalized in vitro and in vivo cancer models to guide precision medicine. 
Cancer Discov 7:462–477

 29. Oppenlander ME, Wolf AB, Snyder LA, Bina R, Wilson JR, Coons SW et al 
(2014) An extent of resection threshold for recurrent glioblastoma and its 
risk for neurological morbidity. J Neurosurg 120:846–853

 30. Sughrue ME, Sheean T, Bonney PA, Maurer AJ, Teo C (2015) Aggressive 
repeat surgery for focally recurrent primary glioblastoma: outcomes and 
theoretical framework. Neurosurg Focus 38:E11

 31. Yadav B, Pemovska T, Szwajda A, Kulesskiy E, Kontro M, Karjalainen R et al 
(2014) Quantitative scoring of di!erential drug sensitivity for individually 
optimized anticancer therapies. Scientific Rep 4:5193

 32. Brodin BA, Wennerberg K, Lidbrink E, Brosjö O, Potdar S, Wilson JN et al 
(2019) Drug sensitivity testing on patient-derived sarcoma cells predicts 
patient response to treatment and identifies c-Sarc inhibitors as active 
drugs for translocation sarcomas. Br J Cancer 120:435–443

 33. Ostermann S, Csajka C, Buclin T, Leyvraz S, Lejeune F, Decosterd LA 
et al (2004) Plasma and cerebrospinal fluid population pharmacokinet-
ics of temozolomide in malignant glioma patients. Clin Cancer Res 
10:3728–3736

 34. Skaga E, Skaga I, Grieg Z, Sandberg CJ, Langmoen IA, Vik-Mo EO (2019) 
The e"cacy of a coordinated pharmacological blockade in glioblastoma 
stem cells with nine repurposed drugs using the CUSP9 strategy. J Can-
cer Res Clin Oncol 58:256–13

 35. Lun X, Wells CJ, Grinshtein N, King JC, Hao X, Dang N-H et al (2016) Disul-
firam when combined with copper enhances the therapeutic e!ects 
of temozolomide for the treatment of glioblastoma. Clin Cancer Res 
22:3860–3875

 36. Stensjøen A, Solheim O, Kvistad K, Håberg AK, Salvesen Ø, Berntsen E 
(2015) Growth dynamics of untreated glioblastomas in vivo. Neuro Oncol 
17:1402–1411

 37. Hegi ME, Diserens A-C, Gorlia T, Hamou M-F, de Tribolet N, Weller M et al 
(2005) MGMT gene silencing and benefit from temozolomide in glioblas-
toma. N Engl J Med 352:997–1003

 38. D’Alessandris Q, Bi!oni M, Martini M, Runci D, Buccarelli M, Cenci T et al 
(2017) The clinical value of patient-derived glioblastoma tumorspheres in 
predicting treatment response. Neuro Oncol 19:1097–1108

 39. Lamborn KR, Yung AW, Chang SM, Wen PY, Cloughesy TF, Angelis L et al 
(2008) Progression-free survival: an important end point in evaluating 
therapy for recurrent high-grade gliomas. Neuro Oncol 10:162–170

 40. Vredenburgh JJ, Desjardins A, Reardon DA, Friedman HS (2009) Experi-
ence with irinotecan for the treatment of malignant glioma. Neuro Oncol 
11:80–91

 41. Bruce JN, Fine RL, Canoll P, Yun J, Kennedy BC, Rosenfeld SS et al (2011) 
Regression of recurrent malignant gliomas with convection-enhanced 
delivery of topotecan. Neurosurgery. 69:1272–1279 (Discussion 
1279-80)

 42. Hamer PC (2010) Small molecule kinase inhibitors in glioblastoma: a 
systematic review of clinical studies. Neuro Oncol 12:304–316

 43. Alshami J, Guiot M-C, Owen S, Kavan P, Gibson N, Solca F et al (2015) 
Afatinib, an irreversible ErbB family blocker, with protracted temo-
zolomide in recurrent glioblastoma: a case report. Oncotarget. 
6:34030–34037

 44. Brandes A, Ermani M, Turazzi S, Scelzi E, Berti F, Amistà P et al (1999) Pro-
carbazine and high-dose tamoxifen as a second-line regimen in recurrent 
high-grade gliomas: a phase II study. J Clin Oncol 17:645–650

 45. Tang P, Roldan G, Brasher P, Fulton D, Roa W, Murtha A et al (2006) A 
phase II study of carboplatin and chronic high-dose tamoxifen in patients 
with recurrent malignant glioma. J Neurooncol 78:311–316

 46. Touat M, Idbaih A, Sanson M, Ligon K (2017) Glioblastoma targeted 
therapy: updated approaches from recent biological insights. Ann Oncol. 
28:1457–1472

 47. Yang P, Zhang W, Wang Y, Peng X, Chen B, Qiu X et al (2015) IDH mutation 
and MGMT promoter methylation in glioblastoma: results of a prospec-
tive registry. Oncotarget. 6:40896–40906

 48. Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn MJ, Janzer 
RC et al (2009) E!ects of radiotherapy with concomitant and adjuvant 
temozolomide versus radiotherapy alone on survival in glioblastoma 
in a randomised phase III study: 5-year analysis of the EORTC-NCIC trial. 
Lancet Oncol 10:459–466

 49. Pitz MW, Desai A, Grossman SA, Blakeley JO (2011) Tissue concentra-
tion of systemically administered antineoplastic agents in human brain 
tumors. J Neurooncol 104:629–638

 50. Jacus MO, Daryani V, Harstead EK, Patel YT, Throm SL, Stewart CF (2015) 
Pharmacokinetic properties of anticancer agents for the treatment of 
central nervous system tumors: update of the literature. Clin Pharmacoki-
net. 55:297–311

 51. Levy JM, Zahedi S, Griesinger AM, Morin A, Davies KD, Aisner DL et al 
(2017) Autophagy inhibition overcomes multiple mechanisms of resist-
ance to BRAF inhibition in brain tumors. eLife. 6:358

 52. Reungwetwattana T, Nakagawa K, Cho B, Cobo M, Cho E, Bertolini A et al 
(2018) CNS response to osimertinib versus standard epidermal growth 
factor receptor tyrosine kinase inhibitors in patients with untreated 



Page 15 of 15Skaga!et!al. Clin Trans Med            (2019) 8:33 

EGFR-mutated advanced non-small-cell lung cancer. J Clin Oncol 
36:3290–3297

 53. Davies MA, Philippe SM, Caroline RM, Jean-Jacques GM, Keith FT, Ana et al 
(2017) Dabrafenib plus trametinib in patients with BRAFV600-mutant 
melanoma brain metastases (COMBI-MB): a multicentre, multicohort, 
open-label, phase 2 trial. Lancet Oncol 18:863–873

 54. Bobillo S, Abrisqueta P, Carpio C, Raheja P, Castellví J, Crespo M et al 
(2018) Promising activity of selinexor in the treatment of a patient with 
refractory di!use large B-cell lymphoma and central nervous system 
involvement. Haematologica 103:e92–e93

 55. Warren K (2018) Beyond the blood: brain barrier: the importance of 
central nervous system (CNS) pharmacokinetics for the treatment of CNS 
tumors, including di!use intrinsic pontine glioma. Front Oncol 8:815–911

 56. Qazi M, Vora P, Venugopal C, Sidhu S, Mo!at J, Swanton C et al (2017) 
Intratumoral heterogeneity: pathways to treatment resistance and 
relapse in human glioblastoma. Ann Oncol 28:1448–1456

 57. Vivanco I, Robins IH, Rohle D, Campos C, Grommes C, Nghiemphu P et al 
(2012) Di!erential sensitivity of glioma- versus lung cancer-specific EGFR 
mutations to EGFR kinase inhibitors. Cancer Discov 2:458–471

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional a"liations.





IV





Vol.:(0123456789)1 3

Journal of Cancer Research and Clinical Oncology (2019) 145:1495–1507 
https://doi.org/10.1007/s00432-019-02920-4

ORIGINAL ARTICLE ! CANCER RESEARCH

The e!cacy of"a"coordinated pharmacological blockade 
in"glioblastoma stem cells with"nine repurposed drugs using 
the"CUSP9 strategy

Erlend"Skaga1,2 "· Ida"Ø."Skaga1,2"· Zanina"Grieg1"· Cecilie"J."Sandberg1"· Iver"A."Langmoen1,2"· Einar"O."Vik-Mo1,2

Received: 25 December 2018 / Accepted: 15 April 2019 / Published online: 26 April 2019 
© The Author(s) 2019

Abstract
Purpose Constructed from a theoretical framework, the coordinated undermining of survival paths in glioblastoma (GBM) 
is a combination of nine drugs approved for non-oncological indications (CUSP9; aprepitant, auranofin, captopril, celecoxib, 
disulfiram, itraconazole, minocycline, quetiapine, and sertraline) combined with temozolomide (TMZ). The availability of 
these drugs outside of specialized treatment centers has led patients to embark on combination treatments without systematic 
follow-up. However, no experimental data on e!cacy using the CUSP9 strategy in GBM have been reported.
Methods Using patient-derived glioblastoma stem cell (GSC) cultures from 15 GBM patients, we described stem cell proper-
ties of individual cultures, determined the dose–response relationships of the drugs in the CUSP9, and assessed the e!cacy 
the CUSP9 combination with TMZ in concentrations clinically achievable. The e!cacy was evaluated by cell viability, 
cytotoxicity, and sphere-forming assays in both primary and recurrent GSC cultures.
Results We found that CUSP9 with TMZ induced a combination e"ect compared to the drugs individually (p < 0.0001). 
Evaluated by cell viability and cytotoxicity, 50% of the GSC cultures displayed a high sensitivity to the drug combination. 
In clinical plasma concentrations, the e"ect of the CUSP9 with TMZ was superior to TMZ monotherapy (p < 0.001). The 
Wnt-signaling pathway has been shown important in GSC, and CUSP9 significantly reduces Wnt-activity.
Conclusions Adding experimental data to the theoretical rationale of CUSP9, our results demonstrate that the CUSP9 treat-
ment strategy can induce a combination e"ect in both treatment-naïve and pretreated GSC cultures; however, predicting 
response in individual cultures will require further profiling of GSCs.

Keywords Glioblastoma stem cells#· CUSP9#· Temozolomide#· Glioblastoma#· Repurposed drugs

Introduction

Glioblastoma (GBM) is an aggressive brain tumor that, 
despite multimodal oncological therapy, relapses within 
6–9#months (Stupp et#al. 2005). A major challenge in devel-
oping new treatments is the intricate tumor heterogeneity at 
the molecular and cellular level (Brennan et#al. 2013; Qazi 
et#al. 2017; Lan et#al. 2017). Targeted therapies have been 
sought to address the molecular heterogeneity in GBM, but 
dozens of#clinical trials have failed to demonstrate survival 
benefit (Touat et#al. 2017).

The application of targeted therapies is hampered by the 
existence of complex intra-#and intertumoral heterogene-
ity in tumor-promoting signaling systems along with tumor 
evolutionary dynamics leading to acquired resistance to 
targeted drugs (Szerlip et#al. 2012; Sottoriva et#al. 2013; 
Klingler et#al. 2015). To circumvent tumor heterogeneity, 
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polytherapeutic approaches combining compounds acting on 
di!erent targets simultaneously are receiving rising interest 
(Qazi et"al. 2017). Moreover, the dramatic increase in costs 
for new oncological drugs has increased both the academic 
and public interest into possibilities in repurposing well-
known drugs used for non-oncological indications for their 
potential anticancer activity (Bertolini et"al. 2015; Huang 
et"al. 2018). And as drugs used for decades have established 
dosing schedules and well-known toxicity profiles, both the 
time frame and costs to reposition for new indications can 
greatly be reduced.

Recently, a new treatment approach combining well-
known drugs approved for non-oncological indications for 
polytherapeutic therapy has been suggested in GBM (Kast 
et"al. 2013, 2014). The rationale consists of coordinated 
undermining of survival paths (CUSP) active in GBM by 
nine repurposed drugs, termed CUSP9. The concept of 
simultaneous blockade of multiple signaling pathways aims 
to prevent cancer cells to escape therapeutic challenges, 
rendering them susceptible for the cytotoxic effects of 
temozolomide (TMZ). Due to toxicities, the composition of 
drugs has been revised, and the current version consists of 
aprepitant, auranofin, captopril, celecoxib, disulfiram, itra-
conazole, minocycline, quetiapine, and sertraline (Halatsch 
et"al. 2017).

Since the proposal, the concept of CUSP has been 
debated among neuro-oncology academics and practitioners 
(Prados et"al. 2015; Purow 2016). More importantly, how-
ever, we experience that patients inquire and also adhere 
to parts or the entire CUSP9 combination along standard-
of-care treatments outside of clinical trials within a do-it-
yourself"approach. Although case reports of patients treated 
with CUSP9 on a compassionate-use basis (Kast et"al. 2014; 
Halatsch et"al. 2017), and a recent registration of a clinical 
trial (NCT02770378), no experimental data have shown e#-
cacy using the CUSP9 strategy. This prompted us to explore 
the e#cacy of CUSP9 with concomitant TMZ using clinical 
achievable drug concentrations in patient-derived glioblas-
toma stem cells (GSCs), which may be responsible for tumor 
progression and recurrence in GBM (Lan et"al. 2017).

Materials and!methods

Brain tumor cultures

Glioblastoma biopsies were obtained from 15 informed and 
consenting patients undergoing surgery for GBM at Oslo 
University Hospital, Norway, approved by The Norwegian 
Regional Committee for Medical Research Ethics (REK 
2017/167). The IDH mutational status was evaluated by 
immunohistochemistry and sequencing, and the MGMT-pro-
moter methylation status evaluated by methylation-specific 

quantitative PCR. Cell cultures were established and main-
tained in serum-free conditions enriched for bFGF (R&D 
Systems) and EGF (R&D Systems), as previously described 
(Vik-Mo et"al. 2010). Patient- and GSC culture characteris-
tics are summarized in Online Resource 1. The self-renewal 
potential of the GSCs was quantified by the total number of 
cells following serial passages. Di!erentiation was induced, 
and cells were fixed and stained, as previously described 
(Vik-Mo et"al. 2010). Images were acquired using Olympus 
Soft Imaging Xcellence software v.1.1.

Flow cytometry

Cells were suspended in PBS with 2% fetal bovine serum 
(Biochrom) and stained with directly conjugated antibodies 
(CD15-PerCP, R&D Systems, CD133-PE, Miltenyi Biotec) 
according to the manufacturer’s instructions. Cells were 
washed three times before analysis by flow cytometer LSRII 
(BD Bioscience). Dead cells were identified by propidium 
iodine (Thermo Fisher Scientific). Flow Jo software v.10.4.1 
was used for data analysis.

qRT-PCR

The qRT-PCR experiments were performed, as previ-
ously described (Fayzullin et"al. 2019). The high-capacity 
cDNA Reverse Transcription Kit, TaqMan Fast Advanced 
Master Mix, TaqMan oligonucleotide primers and probes 
[Hs00157674_m1 (GFAP), Hs00801390_s1 (TUBB3), and 
Hs01009250_m1 (PROM1/CD133)], the ABI Prism Detec-
tion System, and software (all from Applied Biosystems) 
were used according to the manufacturer’s instructions. 
Human $-Actin [Hs9999999903_m1 (ACTB)] was used as 
housekeeping gene. The relative gene expression levels were 
calculated using the standard curve method.

Intracranial transplantation

The National Animal Research Authority approved the 
animal procedures (FOTS 8318). C.B.-17 SCID female 
mice (7–9"weeks old, Taconic) were anesthetized with an 
injection of zolazepam (3.3"mg/mL), tiletamine (3.3"mg/
mL), xylazine (0.45"mg/mL), and fentanyl (2.6"%g/mL), 
and placed in a stereotactic frame (David Kopf Instru-
ments). Cells were prepared and transplanted, as previously 
described (Vik-Mo et"al. 2010). The animals were regularly 
monitored for signs of distress and killed by cervical dislo-
cation after 15"weeks or earlier if weight loss > 15% or neu-
rological symptoms developed. The brains were harvested 
and further processed as previously described (Vik-Mo et"al. 
2010). Images of brain sections were acquired using Axio 
Scan.Z1 (Carl Zeiss). Processing of images was performed 
using ImageJ 2.0.
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Drugs

Drugs used in this study: aprepitant (Selleck Chemicals, 
Cat# S1189), auranofin (Santa Cruz Biotechnology, Cat 
#sc-202476), captopril (Selleck Chemicals, Cat# S2051), 
celecoxib (Selleck Chemicals, Cat# S1261), copper(II)
chloride dehydrate (Sigma-Aldrich, Cat# C3279), disul-
firam (Selleck Chemicals, Cat# S1680), itraconazole 
(Selleck Chemicals, Cat# S2476), minocycline (Selleck 
Chemicals, Cat# S4226), quetiapine fumarate (Selleck 
Chemicals, Cat# S1763), sertraline (Selleck Chemicals, 
Cat# S4052), and temozolomide (Sigma-Aldrich, Cat# 
T2577). Copper(II)chloride dehydrate  (CuCl2) was added 
to all wells containing disulfiram (DSF) and corresponding 
control wells (Skrott et!al. 2017). A fixed concentration of 
20!µM Cu was used in this study (Twomey et!al. 2008). 
Minocycline was dissolved in  H2O, while all other drugs 
were dissolved in DMSO for generation of stock solutions 
and stored according to the manufacturer’s instructions.

Drug concentrations

The clinical plasma concentrations of the individual drugs 
were obtained from reports of pharmacokinetic evalua-
tions [aprepitant (Azuma and Fukase 2013), auranofin 
(Gottlieb 1982; Furst and Dromgoole 1984), captopril 
(Kripalani et!al. 1980; al-Furaih et!al. 1991), celecoxib 
(Davies et!al. 2000), disulfiram (Johansson 1988, 1992), 
itraconazole (Heykants et!al. 1989; Prentice et!al. 1994), 
minocycline (Macdonald 1973; Agwuh 2006), quetiapine 
(DeVane and Nemero" 2001; Jaskiw et!al. 2004), sertra-
line (DeVane et!al. 2002), and temozolomide (Ostermann 
et!al. 2004)], and from drug labels by the U.S. Food and 
Drug Administration (http://label s.fda.gov).

Cell viability and!cell cytotoxicity assay

Cells were plated at 5000 cells/well in a 96-well plate 
(Sarstedt), cultured for 24!h before adding drugs and fur-
ther incubated for 72!h. Cell viability was assessed using 
Cell Proliferation Kit II XTT (Roche) solution, incubated 
for 24!h before absorbance was analyzed on a PerkinElmer 
EnVision. Cell survival is reported relative to background 
corrected negative control of the drug. Cell cytotoxicity 
was assessed using CellTox™ Green Cytotoxicity Assay 
(Promega) solution, incubated for 15!min before fluores-
cence was analyzed on a Perkin Elmer EnVision. Measure-
ments were corrected for background fluorescence, and 
raw data were scaled with reference to positive (sepantro-
nium bromide) and negative control.

Sphere-forming assay

Cells were plated at 500 cells/well in 96-well plate 
(Sarstedt), cultured for 24!h before adding drugs and fur-
ther incubated for 10!days. After 10!days, the spheres were 
stained using Thiazolyl Blue Tetrazolium Bromide (Sigma-
Aldrich) 4!h prior to image acquisition and counting using 
an automated colony counter (GelCount, Oxford Optron-
ics). Spheres > 30!µM in diameter were included in the final 
analysis, and results are reported relative to negative control.

Wnt-pathway activity (luciferase assay)

The GSCs were stably transfected with a luciferase reporter 
containing a synthetic 7xTCF-responsive promoter (7TFP 
was a gift from Roel Nusse, Addgene plasmid 24308). The 
lentiviral Renilla luciferase reporter was used as control 
(Amsbio, Cat# LVP370). The cells were plated at 20,000 
cells/well in a 96-well plate before adding the respective 
drugs of CUSP9. To boost WNT/#-catenin signaling, 10!mM 
LiCl was added. The cells were incubated for 24!h before 
luciferase activity was quantified using the Dual-Glo Lucif-
erase Assay System (Promega) according to the manufac-
turer’s protocol.

Statistical considerations

Data analysis and graphic presentation were undertaken 
using GraphPad Prism 7.0 and Microsoft Excel 14.7.3. 
Dose–response curves were fitted on the basis of a four-
parameter sigmoidal logistic fit function defined by maximal 
and minimal cell survival, slope, and inflection point  (EC50). 
In the curve fitting, the maximal cell survival was fixed to 
100%, the minimal cell survival was allowed to float between 
0% and 75% and slope between 0 and $ 2.5. For drugs not 
reducing any cell survival, the constraints were removed. 
Statistical analyses were performed using paired sample t 
test or one-way ANOVA corrected for multiple comparisons 
using Dunnett’s test, as stated when the analysis was applied. 
Correlation analysis was undertaken using Spearman corre-
lation coe%cient. A p value < 0.05 was chosen to represent 
significance for the statistical analyses.

Results

Validation of!GSCs

We have extensive experience in culturing and characteri-
zation of the GSC population from patient-derived GBM 
biopsies (Varghese et!al. 2008; Vik-Mo et!al. 2010; Mughal 
et!al. 2018).
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We have previously characterized selected GSC cultures 
(T10965, T1008) in this sample cohort (Vik-Mo et!al. 2010; 
Joel et!al. 2015; Mughal et!al. 2018). Of the remaining GSC 
cultures, we confirmed stem cell properties by functional 
assays of self-renewal potential, expression of stem cell 
markers, ability to generate di"erent brain cell lineages 
upon di"erentiation with di"erential expression profiles, 
along with the ability to form tumors upon xenografting to 
immunocompromised mice in both cultures derived from 
treatment-naïve and heavily pretreated recurrent disease 
(Fig.!1, Online Resource 1).

The dose–response relationships and!clinical 
relative drug concentrations

Next, we established the dose–response relationships to 
all drugs comprised in the CUSP9 and TMZ in four dif-
ferent primary GSC cultures (T1456, T1459, T1502, and 
T1506, Fig.!2). Each drug was tested in a dose range cov-
ering clinically achievable concentrations. To capture both 
cytostatic (cell viability) and cytotoxic (cell cytotoxicity) 
responses, we utilized two independent evaluations of cell 
death. Except for auranofin (AUR) and DSF, no drugs dis-
played any marked inhibitory e"ect individually within the 
concentration range tested (Fig.!2). The marked inhibitory 
e"ect (cell survival < 25%) of AUR and DSF was found to 
be in concentrations well above what could be considered 
clinically achievable.

After establishing the dose–response relationships, clin-
ical plasma concentrations (CPC) were obtained for each 
drug. As CPCs vary depending on the dose, route of admin-
istration, and drug half-life [maximal concentration (Cmax) 
versus steady-state levels], we decided to pursue drug con-
centrations in the CUSP9 combination in the lower end of 
reported Cmax-values at standard dosing schedules for the 
individual drugs intended use (Fig.!2). As AUR and itracon-
azole (ITZ) have a half-life of > 10!days and > 24!h, respec-
tively (Gottlieb 1982; Heykants et!al. 1989; Kast et!al. 2014), 
we used the steady-state drug concentration of AUF and 
ITZ to reflect a clinical situation. However, as steady-state 
concentrations of AUR (# 500!nM) were within the area of 
inflection with inhibitory e"ects in GSC cultures, we used 
250!nM of AUR in the CUSP9 combination to remove a 
possible substantial inhibitory e"ect of a single drug. The 
concentrations further pursued in the study related to CPCs 
are outlined in Fig.!2.

Combination e"ect of!CUSP9 in!patient-derived 
primary GSC cultures

We next investigated the e"ect of all drugs individually 
along with the combined e"ect of CUSP9 with TMZ (w/
TMZ). In T1459, the drugs were not e"ective individually; 

we found, however, a significant combination e"ect when 
evaluating both viability and cytotoxicity (both p < 0.0001, 
Fig.!3a, b). We further investigated the e$cacy of CUSP9 
in a third assay evaluating sphere formation. Despite the 
limitations of detailed clonal analysis using sphere-form-
ing assays (Singec et!al. 2006), marked di"erences in the 
number of spheres and sphere diameter capture inhibitory 
e"ects. We observed selected individual e"ects of drugs in 
reducing the total number of spheres (AUF, DSF, and ITZ, 
Fig.!3c) and the total area of spheres (AUR, DSF, ITZ, and 
TMZ, Fig.!3d). However, the CUSP9 w/TMZ combination 
confirmed a significant combination e"ect by completely 
eradicating all spheres (both p < 0.01, Fig.!3c–e).

We further investigated the e"ect of all drugs individually 
and in the CUSP9 w/TMZ combination in three additional 
primary GSC cultures (T1456, T1502, and T1506). In two 
of the cultures (T1456 and T1506) the same e"ect was found 
across all assays (Fig.!4a–c). In one culture (T1502), how-
ever, the combination had very limited e$cacy (> 75% cell 
survival) in both the viability and cytotoxicity evaluation 
(Fig.!4a). Furthermore, in T1502, the combination treatment 
did not reduce the total number of spheres, but inhibited the 
capacity to form large spheres (p < 0.001, Fig.!4b, d).

The e#cacy of!CUSP9 in!a!heterogeneous 
population of!GSC cultures

The CUSP9 approach was originally coined for the treatment 
of recurrent GBM (recGBM) (Kast et!al. 2013, 2014). We, 
therefore, cultured GSCs from five patients undergoing sur-
gery for relapsed disease to evaluate e$cacy of the CUSP9 
w/TMZ combination in recGBM. As GBM display complex 
tumor heterogeneity, we further included additionally six 
primary GSC cultures, adding up to 15 individual GSC cul-
tures in total (Fig.!5). The viability and cytotoxicity evalua-
tion demonstrated a continuum in response patterns ranging 
from insensitive (> 75% cell survival) to highly sensitive 
(< 25% cell survival), with seven and eight clustering as 
highly sensitive, respectively, which included both primary 
and recurrent GSC cultures (Fig.!5a, b). The correlation of 
drug responses displayed an excellent correlation (p < 0.01, 
Fig.!5c). The longer incubation for evaluation of sphere for-
mation resulted in more cultures categorized as highly sen-
sitive, and evaluation by the total area of spheres suggested 
a broad e"ect. To compare e$cacy of the combination 
treatment to the standard-of-care (TMZ), we compared the 
results from the sphere-forming assay, as incubation > 72!h 
in required for detecting TMZ e$cacy at CPCs (Lun et!al. 
2016). The combination regimen displayed a significant 
superior e$cacy to TMZ monotherapy (p < 0.0001, Fig.!5d, 
e). Interestingly, all GSC cultures from recGBM were highly 
resistant to TMZ monotherapy compared to the heterogene-
ous response in primary GSC cultures (Fig.!5d–f).
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Fig. 1  Patient-derived GSCs harbor stem cell properties. a T1 con-
trast-enhanced MRI of T1454 displaying the GBM located in the 
right temporal region. b Upon cultivation, the tumor formed free-
floating spheres, c which could be exponentially propagated in serial 
passages. d Upon xenografting, the tumor formed an invasive tumor. 
Invasive rim of the tumor delineated. Staining with hematoxylin and 
eosin. Scale bar = 200!"m. e The GSCs in T1454 expressed the stem 
cell markers CD133 and CD15. The expression was reduced upon 
di#erentiation. f qRT-PCR confirmed the reduction of stem cell-
related expression of CD133, along with the increased expression 
of the more lineage-specific GFAP and $3-tubulin upon di#eren-

tiation. The results are presented as mean and standard error to the 
mean of three independent experiments. g Upon di#erentiation in 
serum-containing media, the tumor cells formed arborizations and 
twisting processes associated with a more mature morphology, and 
stained positive for GFAP and $3-tubulin. Nuclei stained with DAPI. 
h, i T1 contrast-enhanced MRI of the primary GBM T1547 and the 
pretreated and recurrent GBMs T1513 and T1534 with the corre-
sponding in!vitro spheroid morphology upon cultivation and the cor-
responding xenograft. Brain sections are stained with hematoxylin & 
eosin. Scale bar 1!mm
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Drug Common usage Dose-response    Viability  
     (EC50) 

   Cytotoxicity 
        (EC50)

Clinical plasma 
concentration

In vitro concentration 
used in this study

Aprepitant Anti-emesis >100 µM >100 µM 1.5 - 3.5 µM 1.5 µM

Auranofin Rheumatic 
disease 1700 nM 1000 nM 500 - 1500 nM 

(steady state) 250 nM

Captopril Anti-hypertensive >100 µM >100 µM 1.0 - 3.5 µM 1.5 µM

Celecoxib
Non-steroidal 

anti-inflammatory 
drug

72.9 µM >100 µM 2 - 7 µM 2 µM

Disulfiram Alcohol aversion 
therapy 265 nM 310 nM 100 - 200 nM 100 nM

Itraconazole Fungal disease >25 000 nM 5500 nM 1000 - 3000 nM 
(steady state) 1000 nM

Minocycline Antibiotic >100 µM >100 µM 3 - 7.5 µM 3 µM

Quetiapine Anti-psychotic >100 µM >100 µM 0.2 - 2.5 µM 1 µM

Sertraline Anti-depressant 15 100 nM 6300 nM 350 - 550 nM 400 nM

Temozolomide Alkylating agent >250 µM >250 µM 30-75 µM 50 µM
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CUSP9 responsiveness cultures are enriched 
for!proneural subtype

In the 14 cultures tested for sensitivity to the CUSP9 com-
bination w/TMZ evaluated by the viability and cytotoxicity 
assay [one culture (T1561) failed the cytotoxicity evalua-
tion], both primary and recurrent GSC cultures were found 
ranging from less to highly sensitive. However, 50% of the 
cultures (n = 7) clustered with a highly sensitive response 
pattern (< 25% cell survival in both assays) (Fig.!5c). We 
explored possible patient- or GSC culture-specific traits 
associated with high response. We found that all high 
responders were of proneural subtype; however, cultures of 
proneural subtype were also among the insensitive cultures 
(Online Resource 1). Correlation of response patterns to 
CD133 expression, proliferative capacity, MGMT-promoter 
methylation, and patient age or survival did not establish any 
significant relationships.

CUSP9 reduces cancer stem cell signaling pathway 
activity

The rationale of the drug composition in CUSP9 was to add 
drugs that both inhibit general growth factor-related signal-
ing pathways (e.g., Akt, mTOR, and STAT), and specifically 
target the stem cell population in GBM (e.g., ALDH and 
hedgehog signaling) (Kast et!al. 2013, 2014). Although not 
outlined in the original CUSP9 protocol; we noticed that two 
of the drugs (celecoxib, quetiapine) also have been reported 
to attenuate Wnt-signaling in commercially available GBM 
cell lines (Sareddy et!al. 2013; Wang et!al. 2017). Previously 
reporting on the importance of dysregulated Wnt-signaling 
in GSCs (Sandberg et!al. 2013; Kierulf-Vieira et!al. 2016), 
we investigated whether Wnt-signaling could play a role in 
the CUSP9 protocol. We, thus, explored both the individual 
drugs and the complete combination for functional inhibi-
tion of canonical Wnt-activity and found a significant reduc-
tion in Wnt-activity by the combined treatment (p < 0.001, 

Fig.!6a, b). This attenuation of the Wnt-activity was a com-
bination e"ect, as we could not ascribe the inhibition to any 
drugs individually, including no substantial attenuation by 
celecoxib or quetiapine at CPCs.

Discussion

Using clinically achievable concentrations, we provide, in 
this study, experimental data of a functional combination 
e"ect utilizing a coordinated pharmacological blockade 
by nine well-known drugs approved for non-oncological 
indications together with TMZ (the CUSP9 strategy) in 
patient-derived GSC cultures from both primary and recur-
rent GBMs.

As some GBM!patients already supplement the conven-
tional treatment with the CUSP9 strategy, we conducted 
this study with a clinical focus. However, mirroring clinical 
practice in preclinical studies is challenging. One fundamen-
tal aspect is the determination of drug concentrations that 
are achievable within the tumor of the patients (Liston and 
Davis 2017). What drug concentrations to pursue preclini-
cally to reflect a clinical situation are not well defined (Smith 
and Houghton 2013). It has been suggested that preclinical 
drug levels can be decided using Cmax as an upper reference 
limit to mirror a clinical situation and remove potential o"-
target e"ects of individual drugs (Liston and Davis 2017). 
In this study, we initially determined the dose–response 
relationships to each drug spanning the therapeutic range to 
investigate the inhibitory e"ects of individual drugs in clini-
cally achievable concentrations. This led us to more care-
fully investigate a combined e"ect by reducing dominant 
e"ects of single drugs in CPCs. However, CPCs and Cmax 
varies by di"erent dosing schedules and routes of adminis-
tration (Liston and Davis 2017). In this study, we!decided to 
pursue concentrations in the lower end of reported clinical 
values at standard dosing regimens for the individual drug 
intended use. The adaptation of our experimental conditions 
to clinical plasma concentrations may, however, not reflect 
therapeutic drug concentrations achievable intratumorally 
or within the brain parenchyma. Although the drugs in 
CUSP9 are designed based on the properties of the drugs to 
cross the blood–brain barrier (Kast et!al. 2014), penetrabil-
ity and brain tissue levels of the individual CUSP9 drugs 
are unclear, as are intracerebral concentrations of most 
anticancer agents (Pitz et!al. 2011). Moreover, when inter-
preting the results on combined e"ects, it is important to 
consider the limitations of the artificial stable drug exposure 
in!vitro, which do not reflect the complex pharmacokinetics 
in patients–a complexity that increases by orders of magni-
tude when adding up to ten drugs in combination in!vivo.

Di"erent assays capturing di"erent evaluations of cell 
death create more robust data when reporting drug e#cacy 

Fig. 2  Drugs comprised in the CUSP9 combination, their common 
usage, dose–response curves, and related drug concentrations used 
in this study. The dose–response relationships of all the drugs in the 
CUSP9 combination in GSCs evaluated by cell viability (blue line) 
and cell cytotoxicity assays (red line). Each dose–response curve rep-
resents the average dose–response relationship (± standard deviation) 
of four di"erent primary GSC cultures (T1456, T1459, T1502, and 
T1506). Each concentration was tested in biological triplicates in the 
individual tumor. Half-maximal e"ective drug concentrations  (EC50) 
to the individual drugs, clinical plasma concentrations, and in! vitro 
concentrations used in the CUSP9 combination are provided in the 
figure along with the common usage of the respective drugs. The 
vertical line in the dose–response curves represents the in!vitro con-
centration of the individual drug used in this study, whereby the drug 
individually did not reduce the average cell survival across the GSC 
cultures

!
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in preclinical studies (Begley and Ellis 2012). In this study, 
the evaluation of overall e!cacy after exposure to CUSP9 
w/TMZ using cell viability and cytotoxicity readouts dis-
played a very good correlation. In selected drug responses 

(e.g., AUR and ITZ, Fig."1), the tetrazolium-based cell via-
bility assay displayed a bimodal dose–response pattern with 
a paradoxical increase in cell viability before the inhibitory 
e#ects occurred. This e#ect was similarly found for the same 
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Fig. 3  The e!cacy of the individual drugs and the CUSP9 com-
bination in T1459. a, b None of the drugs in the CUSP9 or TMZ 
reduced the cell survival individually evaluated by the cell viability 
or cytotoxicity assay; however a significant e#ect was observed when 
applied as a drug combination in CPCs (both p < 0.0001, one-way 
ANOVA). c–e Selected individual e#ects of drugs in CPCs were 
found in the sphere-forming assay evaluated by count (AUR, DSF, 

and ITZ) and total area of spheres (AUR, DSF, ITZ, and TMZ); how-
ever, a significant combination e#ect was observed eradicating all 
spheres (both p < 0.01, one-way ANOVA). e Representative images 
of sphere formation following exposure with indicated drugs. Scale 
bar 500"µm. Each bar in the graphs represents the mean and standard 
error to the mean of $ 3 individual experiments
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drugs when tested in CPCs (Fig.!2a). This may suggest a 
growth stimulatory e"ect; however, the inhibitory e"ects of 
these drugs evaluated by the sphere-forming assay (Fig.!2c, 
d) suggest that the response rather reflected a cellular stress 
response increasing the metabolic activity of the cells. A 
cellular stress response is biased in cell-based assays where 
metabolic activity is used as a surrogate marker for cell 
viability. This observation is in accordance with reported 
inaccuracies in using tetrazolium-based cell viability assays 
when interpreting subtle di"erences in cell viability evalu-
ations (Sims and Plattner 2009; Stepanenko and Dmitrenko 
2015). It further points to the importance of using di"erent 
readouts for more accurate evaluation of drug e#cacy in 
preclinical studies. For the sphere-forming assay, cells were 
incubated for a longer time. This could explain some of the 
more pronounced e"ects that were observed in this experi-
mental setup.

Although not described as a key target of the CUSP9 com-
bination, we found a significant reduction of Wnt-signaling 
activity by CUSP9 w/TMZ treatment, suggesting that this 
pathway may play a role in the combined treatment e"ect. 
In concentrations tenfold higher than clinically achievable 

in commercially available GBM cell lines, celecoxib and 
quetiapine have been shown as inhibitors of canonical Wnt-
signaling in GBM (Sareddy et!al. 2013; Wang et!al. 2017). 
In this study, using CPCs, we found no individual e"ects of 
the drugs comprised in the CUSP9, and thus, the inhibition 
of the signaling pathway was related to a combined e"ect, 
which suggests a significance of the Wnt-signaling pathway 
as a mediator of the combined e"ect of CUSP9 w/TMZ. 
This finding, however, requires further studies exploring 
both the heterogeneity between patient-derived GSC cultures 
and exploring the entire spectra of expected key signaling 
target pathways.

In this study, the e#cacy of the CUSP9 combination 
was evaluated using patient-derived GSC cultures from 
both primary and recurrent GBMs. Compared to commer-
cially available GBM cell lines grown in serum, the GSC 
model system is recognized as a!superior representation 
of GBM as it can recapitulate the cellular spectrum and 
malignant phenotype of GBM upon xenotransplantation, 
and preserve genomic feature of the parent tumor (Lee 
et!al. 2006; Vik-Mo et!al. 2010; Davis et!al. 2016; Rosen-
berg et!al. 2017; Lan et!al. 2017). Experimental models 
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Fig. 4  The e#cacy of individual drugs and CUSP9 combination in 
primary GSC cultures. a Heat maps (blue; viability, red; cytotoxicity) 
of the individual drug responses and the CUSP9 combination in three 
primary GSC cultures display the combination e"ect of the combina-
tion in T1456 and T1506 and the resistance in T1502. b Heat maps 
of the individual drug responses and the CUSP9 combination in the 
sphere-forming assay display the similar combined e"ect in T1456 
and T1506, while T1502 was sensitive evaluated by the total area of 

spheres (p < 0.001, one-way ANOVA). The cytotoxicity evaluation of 
T1456 represents the mean of two individual experiments; all other 
values represent the mean of  $ 3 individual experiments in every 
tumor. c, d Representative images of sphere formation in T1456 and 
T1502, respectively, after exposure to indicated drugs. In T1456, a 
substantial e"ect of DSF at 100!nM was found; however, the CUSP9 
w/TMZ confirmed the combination e"ect completely eradicating all 
spheres. Scale bar 500!µm
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sitivity to CUSP9. Scale bar 500"µm
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Fig. 6  Inhibition of Wnt-signaling after exposure to CUSP9 w/TMZ. 
a, b In the luciferase assay, the exposure to CUSP9 combination dis-
played a significant inhibition of Wnt-activity in T1008 (p < 0.001, 

one-way ANOVA) and T0965 (p < 0.0001, one-way ANOVA), 
respectively. Each bar represents the mean and standard error to the 
mean of  # 3 individual experiments
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that faithfully recapitulate the human disease are!essen-
tial for preclinical studies; however, we acknowledge that 
selection of the aggressive GSC population underestimates 
the complexity in drug responses compared to the situa-
tion in!vivo. Interestingly, we found that the recGBM cul-
tures displayed resistance to TMZ, consistent with cultures 
being derived from recurrent tumors after TMZ treatment. 
This finding supports the external validity of the presented 
drug sensitivity data. Despite demonstrating a combination 
e"ect, we have not delineated whether all, some, or only 
a few of the drugs are required for the observed e"ect. 
However, patients following the CUSP9 strategy aim to 
utilize a combination of all drugs; therefore, detailed elu-
cidation of whether only some of the drugs are required 
for the observed combination e"ect was not the scope 
of the current investigation. The use of patient-derived 
cultures from both treatment-naïve and pretreated tumors 
suggests that the combined e"ect can be found in several 
cultures sampled from a genetically heterogeneous GBM 
population. And as in!vitro sensitivity to the standard-of-
care, TMZ, a GSC gene signature, and the ability of GSC 
to expand as tumorspheres are independent predictors of 
patient outcome (Laks et!al. 2009; Sandberg et!al. 2013; 
D’Alessandris et!al. 2017), a growing body of experimen-
tal data suggests the clinical relevance of using the GSC 
model system in preclinical GBM research.

In summary, using clinically achievable drug concen-
trations, we have added preclinical experimental data of a 
combined e"ect utilizing the CUSP9 strategy with TMZ 
in patient-derived GSCs, which supports clinical assess-
ment of this approach. However, predicting response in 
individual cultures will require further profiling of GSCs. 
As some patients adhere to the CUSP9 treatment strategy 
outside of clinical trials within a do-it-yourself approach, 
we emphasize the importance of providing experimental 
data and trials with systematic follow-up of new treatment 
approaches consisting of drugs available for patients out-
side of specialized neuro-oncology treatment centers for 
adequate delineation of e#cacy and toxicity.
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