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A B S T R A C T   

Background: Glioblastoma (GBM) is the most common primary brain tumor with a dismal prognosis. The inherent 
cellular diversity and interactions within tumor microenvironments represent significant challenges to effective 
treatment. Traditional culture methods such as adherent or sphere cultures may mask such complexities whereas 
three-dimensional (3D) organoid culture systems derived from patient cancer stem cells (CSCs) can preserve 
cellular complexity and microenvironments. The objective of this study was to determine if GBM organoids may 
offer a platform, complimentary to traditional sphere culture methods, to recapitulate patterns of clinical drug 
resistance arising from 3D growth. 
Methods: Adult and pediatric surgical specimens were collected and established as organoids. We created 
organoid microarrays and visualized bulk and spatial differences in cell proliferation using immunohistochem
istry (IHC) staining, and cell cycle analysis by flow cytometry paired with 3D regional labeling. We tested the 
response of CSCs grown in each culture method to temozolomide, ibrutinib, lomustine, ruxolitinib, and 
radiotherapy. 
Results: GBM organoids showed diverse and spatially distinct proliferative cell niches and include heterogeneous 
populations of CSCs/non-CSCs (marked by SOX2) and cycling/senescent cells. Organoid cultures display a 
comparatively blunted response to current standard-of-care therapy (combination temozolomide and radio
therapy) that reflects what is seen in practice. Treatment of organoids with clinically relevant drugs showed 
general therapeutic resistance with drug- and patient-specific antiproliferative, apoptotic, and senescent effects, 
differing from those of matched sphere cultures. 
Conclusions: Therapeutic resistance in organoids appears to be driven by altered biological mechanisms rather 
than physical limitations of therapeutic access. GBM organoids may therefore offer a key technological approach 
to discover and understand resistance mechanisms of human cancer cells.   

Keypoints 

GBM organoid cultures preserve diversity of proliferative cell 
phenotypes. 
Heterogeneous 3D cultures recapitulate resistance to clinical GBM 
therapeutics. 

Importance of the study 

Glioblastoma (GBM) is the most common primary brain tumor with a 
dismal prognosis. Although various therapies have shown efficacy in 
preclinical studies, treatments are often poorly effective in patients, 
creating a disconnect between ease of treatment in lab and the clinical 
reality of drug resistance. GBM’s inherent cellular diversity and complex 
network of interactions within tumor microenvironments pose a 
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significant challenge to finding effective treatment. Patient tumor 
specimens grown as 3D organoid cultures retain high cellular diversity 
which may drive GBM therapeutic response and adaptation. Patient- 
derived GBM organoids may play a role in uncovering in vivo thera
peutic resistance mechanisms and have potential applications in pre
dicting personalized drug sensitivities. 

Introduction 

Glioblastoma (GBM) is the most common primary brain tumor with a 
dismal prognosis: median survival is approximately 15 months and the 
5-year survival rate is below 5% [32]. Difficulty in effectively treating 
GBM is attributed in part to its cellular diversity and heterogeneous 
microenvironments [20,29,30,33]. Within glioblastoma, this may 
include a subset of self-renewing cancer stem cells (CSCs) that give rise 
to this heterogeneity and contribute to the complexity of intratumoral 
interactions [2,10,13,43]. 

Recreating these diverse tumor microenvironments is challenging in 
the in vitro setting. Researchers must make choices about culture con
ditions that differ from the original tumor and that can impact the 
complex network of cellular responses [18,22,23]. Traditional culture 
models can fail to properly model tumor stemness or the genetic and 
cellular diversity seen in GBM [5,23,35,49]. Many therapeutics 
currently in use are highly effective in cultured samples, yet have an 
incomplete response in human patients and inevitably lead to resistance 
(reviewed in [12,52]. Indeed, many cultured cancer lines have poor 
transcriptional fidelity to their clinical tumor counterparts, and this is 
exemplified by cultured brain tumor models where no low grade glioma 
and only ~5% of GBM models can be correctly classified as brain tumors 
[34]. The use of single-cell sequencing analysis, genetically engineered 
mouse models, or tumor organoid models dramatically improved fidel
ity to clinical disease, with all tested GBM organoid models being 
transcriptionally classified as GBM with high confidence [34]. 

The use of three-dimensional (3D) organoids may help overcome 
limitations of traditional sphere culture, by recapitulating the cellular 
diversity seen in patient tumors and modeling of tumor microenviron
ments and microenvironmental gradients [18,26,41]. There has been 
work done in the past decade with both stem-cell-derived cerebral 
organoids and patient-CSC-derived GBM organoids. Cerebral organoids 
that mimic healthy brain tissue but with oncogenic mutations intro
duced have been shown to invade brain tissue in mice [3,31]. Human 
GBM CSCs have been co-cultured with pluripotent stem-cell-derived 
brain organoids, which allows for interactions between cancer and 
non-cancer cells [1,6]. Linkous et al. also demonstrated that such 
co-cultured organoids formed a network of microtubule transport that 
mimics how GBM invades healthy brain tissue in patients [26]. GBM 
organoids established directly from patient tumor specimens and sub
sequently grown in rodent brains recreate indicative features of that 
patient’s GBM [19]. Single cell RNA sequencing of GBM organoids has 
shown that diversity of cell types is recreated compared to sets of patient 
GBMs [28,36]. Lenin et al. also grew GBM organoids directly from 
specimens without the use of a 3D matrix for rapid throughput analysis 
and saw differences between these organoids and 2D sphere culture in 
response to various drugs [25]. 

Organoid cultures grown from patient-derived GBM CSCs recreate 
hypoxic and nonhypoxic niches, allowing for the coexistence of diverse 
tumor microenvironments as seen in clinical tumors [18,19]. Here, we 
used three-dimensional (3D) organoid culture methods to ask whether 
3D growth recapitulates aspects of biological drug resistance observed in 
clinical practice. 

Materials and methods 

Cell and organoid culture 

GBM samples were obtained directly from adult and pediatric 

surgical specimens in accordance with protocol #2559 approved by the 
Cleveland Clinic Institutional Review Board or provided by collabora
tors. Details of patient specimens are provided in Supplementary 
Table 1. Sphere cultures or patient-derived organoids were maintained 
in Neurobasal media supplemented with EGF (R&D systems, Minneap
olis, MN), bFGF (R&D systems), B27 (Invitrogen, Carlsbad, CA), gluta
max (Invitrogen), sodium pyruvate (Invitrogen), and antibiotics 
(Antibiotic-Antimicotic, Invitrogen), termed “NBM complete”. Spheres 
were maintained in 10 cm plates in a 37 ◦C incubator with NBM com
plete media. Sphere cultures were dissociated with Accutase into single 
cell suspension and replated approximately once weekly (depending on 
growth rate to prevent large unhealthy sphere growth) as previously 
described [8,18,40,41]. Adherent cultures were grown by plating 
dissociated GBM sphere cells on glass chamber slides using a laminin 
coating and the same media conditions as above. Unless otherwise 
noted, GBM organoids were formed by suspending tumor cells in 
Matrigel (BD Biosciences, San Jose, CA) and forming 20 µL pearls, prior 
to culture in 6-well or 10 cm plates shaking in NBM complete media, as 
previously described [18]. Organoids created from several patient 
specimens were subjected to 0.1% DMSO with or without 3 Gy radiation 
alone, 250 uM temozolomide, and combination temozolomide plus 
radiotherapy. Matched sphere cultures from the same patient specimen 
were treated identically to the corresponding organoids. Doxorubicin, a 
chemotherapy agent that is inherently fluorescent, was used to visualize 
permeation through organoids for 24 or 48 h total. 

Creation of organoid microarrays 

Organoids were initially fixed in formalin, followed by 70% ethanol. 
Organoids formed from various cell specimens were embedded in 
paraffin blocks to create microarrays for medium-throughput analysis, 
which were sectioned onto slides for histology and staining. Slides were 
stained for hematoxylin and eosin (H&E) or immunohistochemistry 
(IHC) was performed with phospho-histone H3 (pHH3, Ser10 rabbit, 
Cell Signaling Technology 9701S), a marker specific for proliferating 
cells, or Cleaved Caspase-3 (CC-3, Asp175, Cell Signaling Technology, 
9664S). We imaged whole slides using Leica Aperio AT2 digital slide 
scanner (Leica Biosystems, Vista, CA) and visualized images with Aperio 
Imagescope software (Leica Biosystems, Vista, CA). For quantitation of 
images, 3–4 non-overlapping uniformly sized high power fields were 
captured and total positive cell numbers were counted and averaged. 
Student’s t-test was used to calculate p-values. 

DNA content analysis 

Organoids were regionally labeled and subsequent cell isolation from 
organoid layers was achieved with a 20 µM final concentration of Cell
Tracker Blue CMAC Dye (Invitrogen, #C2110) in NBM complete media 
as previously described [41]. Briefly, the mature organoids were incu
bated with dye for 2 h at 37 ◦C with shaking to allow outer layer la
beling. Elevated levels of CMAC dye indicate cells in the organoid rim, 
while low levels of CMAC dye indicate organoid core cells. Then, 
organoids were finely minced and dissociated using Accutase (FisherSci, 
#ICN1000449) at 4 ◦C for 15 min and then heated to 37 ◦C for an 
additional 10 min. GBM spheres were pelleted by centrifugation and 
dissociated using Accutase. The cells were then labelled with 1:2000 
TO-PRO-3 iodide (Invitrogen, #T3605) per the manufacturer’s pro
tocols, single-cell filtered, and analyzed using a BD LSR Fortessa flow 
cytometer. DNA content analysis was performed using ModFit LT (Verity 
Software House, Topsham, ME). 

Viability assays with CTG for spheres and organoids 

GBM spheres were dissociated into single-cell suspension and grown 
adherently in laminin coated 96-well plates. In addition to a 0.1% DMSO 
control, all cells received a range of drug concentrations for 6 days total. 
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The drugs used included temozolomide, ibrutinib, lomustine, and rux
olitinib. The range of drug concentration was based on the existing 
literature. CellTiter-Glo (CTG; Promega), a luminescent cell viability 
assay, was mixed 1:1 with phosphate buffered saline (PBS) and added to 
all wells (emptied of culture media) at the end of 6 days. The plates were 
shaken for 2 min and incubated for 10 min, then read using a lumin
ometer (Cytation5, BioTek, Winooski, VT). The data was normalized to 
each specimen’s DMSO control average on the same plate. From these 
cultures, an optimal drug concentration was chosen to treat organoids. 
Organoids received 0.1% DMSO, 250 uM temozolomide, 6.25 uM 
ibrutinib, 25 uM lomustine, or 50 uM ruxolitinib for a total of 6 days. 
CellTiter-Glo 3D (CTG-3D) was mixed 1:1 with PBS and added to indi
vidual organoids (without culture media), which then were manually 
triturated (twice; 5 min incubation in between) to help with cell lysis. 
Lysates were then diluted 1:4, in CTG-3D mixed 1:1 with PBS, in 96-well 
plates. The plates were shaken for 2 min and incubated for an additional 
10 min prior to reading with our luminometer. 

Immunofluorescence and imaging 

Entire organoids were fixed with 10% neutral buffered formalin, 
followed by 70% ethanol, embedded in paraffin, sectioned at 5um, and 
then probed with antibodies against SOX2 (R&D systems, AF2018) and 
Cleaved Caspase-3 (CC-3, Asp175, Cell Signaling Technology, 9664S) 
for immunofluorescence. DNA was detected with DAPI (1:10,000) and 
all images were acquired with the Leica DM5500B upright microscope 
and Leica DFC 7000 GT monochrome camera (Leica Biosystems). 

Senescence-associated beta-galactosidase activity assay 

GBM organoids were treated with the indicated drugs for 6 days as 
described above, and were finely chopped and dissociated using Accu
tase at 4 ◦C for 15 min and then warmed to 37 ◦C for 10 min. Senescence- 
associated beta-galactosidase activity was assayed as previously 
described [7]. Briefly, dissociated organoid cells were single-cell filtered 

Fig. 1. Creation of organoid microarrays for medium-throughput analysis. A Microarrays of multiple organoids embedded in paraffin. B Slide with multiple pre
served organoid specimen section. C H&E stain of GBM organoids of various patient specimens. D-E Zoomed H&E views of three GBM organoids and matched sphere 
cultures, scale bar = 100 um. F-H IHC staining of organoid microarray for pHH3 marking dividing cells in separate organoid niches. 
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and resuspended in 1:1000 Bafilomycin A1 (#B1793) and incubated for 
1 hour at 37 ◦C. Then C12FDG was added to each sample and incubated 
for an additional 90 min, followed by addition of 1:2000 TO-PRO-3 
(Invitrogen, #T3605). Stained cells were counted using a Cytek™ 
Aurora spectral cell analyzer (Cytek Biosciences, Fremont, CA). Popu
lation analysis was performed using FlowJo Software (BD Biosciences). 

Results 

Organoid microarrays increase throughput while preserving diverse niches 
and pathology 

Although organoids can offer significant insight into the heteroge
neous tumor environments of glioblastoma, a significant shortcoming of 
this culture system is low throughput over long timelines. We therefore 
established organoid microarrays to allow for medium throughout 
analysis of multiple specimens at once, and direct comparison and 
visualization of different specimens and treatments on the same slide 
(Fig. 1A). Depending upon the organoid size and number per block, a 
single slide can accommodate 12 – 60 single specimens (Fig. 1B). After 
testing organoid growth in multiwell plates using shaking culture, we 
selected the smallest well size (6-well plates) that had a relatively low 
impact on organoid growth compared to 10 cm plates (Supplementary 
Figure 1). Interspecimen and intraspecimen morphologic diversity is 
preserved using these methods (Fig. 1C,D), unlike the relative 
morphologic homogeneity observed in GBM sphere cultures grown in 
identical media (Fig. 1E). As with tissue microarrays, IHC staining can 
be employed to investigate regional differences in protein expression 
while having experiments internally controlled on the same slide 
(Fig. 1F–H). This allows investigators to see diverse niches and pathol
ogy in a broader array of specimens than was previously feasible. 

GBM organoids display interspecimen and intraspecimen diverse 
proliferative phenotypes 

Studying the proliferative profile of tumor specimens is important for 
understanding both tumor propagation and for predicting effectiveness 
of therapeutic agents. Using the microarrays developed above, we 
stained multiple specimens for pHH3 to visualize diversity of regional 
cell proliferation in organoid culture (Figs. 2A, Supplementary 2). We 
see broad and consistent proliferation in the organoid rim, compared 
with the core that only shows rare divisions by pHH3 staining, consistent 
with prior studies [18]. We also compared pHH3 staining for matched 
specimens growing in organoid, sphere, or adherent culture and were 
able to see interspecimen and intraspecimen variations in cell prolifer
ation. Sphere and adherent cultures did not demonstrate the stark 
regional variation of dividing cells found in organoids (Fig. 2B). We 
quantified the number of dividing cells per high powered field (HPF) and 
found less division in sphere cultures compared to adherent culture or to 
organoids. (Fig. 2C). We also noticed that the majority of this prolifer
ation was localized to the organoid outer rim. To further quantify this 
phenomenon, we performed DNA content analysis of matched organoid, 
sphere, and adherent cultured specimens, including a spatial dye to 
separate organoid rim and core cells [41]. This confirmed greater pro
liferation in the organoid rim and less in the core, and sphere and 
adherent culture both showed less proliferation compared to the orga
noid rim yet more than the organoid core cells (Fig. 2D,E). This un
derscores the wider degree of phenotypic heterogeneity in organoid 
culture compared to alternate methods. 

E Graph for DNA content analysis of two GBM organoids, matched 
sphere specimens, and adherent cultures. 

Compared to patient-matched sphere cultures, organoids are resistant to 
GBM standard of care therapy 

To provide clinical context to the significant resistance of organoids 

to therapeutic options, we exposed matched sphere and organoid cul
tures to both temozolomide and/or radiation, mimicking the currently 
accepted standard of care combination therapy used for patients with 
GBM [44]. Both sphere and organoid cultures received radiation, 
temozolomide, or a combination of both prior to fixation and IHC 
analysis (Fig. 3A–C). The sphere cultures showed near complete reduc
tion in proliferative staining using pHH3. Meanwhile, the corresponding 
organoid culture showed a more blunted effect, demonstrated by 
moderately frequent pHH3 staining and multiple visibly mitotic cells in 
the organoid rim, indicating cellular proliferation. Organoid specimens 
were also able to maintain their structure and overall viability compared 
to the matched spheres. Since DNA alkylating agents (including temo
zolomide) and radiation damage both asymmetrically target rapidly 
dividing cells, we initially expected the organoid rim to be more highly 
impacted by therapy. However, we see that the organoids continued to 
have proliferation in the rim, evidenced by pHH3 staining (Fig. 3A–C). 
To rule out diffusion as a reason for the lack of drug response, we 
evaluated the penetration of doxorubicin (a naturally fluorescent small 
molecule chemotherapeutic, comparable in size to temozolomide) into 
organoids and saw distribution throughout each organoid in less than 
48 h (Supplementary Fig. 3). Furthermore, if limited drug diffusion were 
driving the lackluster response, we would expect to see the strongest 
effect near the organoid rim where concentrations of drug would be 
highest, yet we continue to see proliferation in this region. It was 
striking, especially for a proliferation-targeted therapeutic combination, 
that even though the organoid rim region is more highly proliferative 
than matched bulk sphere cultures (Fig. 2D,E), this region was less 
affected by therapy compared to sphere cultures. This suggests an 
altered biologic response underlying this drug resistance in 3D cultures. 
Maintaining patient tumor specimens as organoids may therefore offer 
information about drug sensitivity that is otherwise unassessed in 
traditional adherent or sphere culture growth. To expand on this hy
pothesis, we explored the impact of additional chemotherapeutic drugs 
on organoids versus sphere culture. 

Organoids demonstrate widespread therapeutic resistance when compared 
to matched 2D sphere culture 

We tested the effect of various chemotherapeutic drugs on matched 
organoid and sphere culture across multiple patient specimens. Four 
drugs were chosen to span different mechanisms of action, including 
both standard of care treatments and novel chemotherapies undergoing 
clinical trials: temozolomide, ibrutinib, lomustine, ruxolitinib. Temo
zolomide is part of current standard of care therapy for patients with 
GBM and is a DNA alkylating agent that inhibits cellular replication. 
Lomustine is a DNA and RNA alkylating agent, commonly used to treat 
recurrent glioblastoma at present. Ibrutinib is a small molecule drug that 
is a BTK/BMX tyrosine kinase inhibitor, traditionally used to treat he
matological malignancies, but currently undergoing clinical trials for 
use in GBM [11]. Ruxolitinib is a small molecule inhibitor of JAK1 and 
JAK2, typically used to treat myelofibrosis, that is currently in clinical 
trials for patients with GBM [16,38]. JAK2 is responsible for activating 
the STAT3 pathway, which is an important part of promoting CSC 
maintenance in GBM. Normally, JAK2 is inhibited by SOCS3. BMX is 
able to bypass this JAK2 activation of STAT3 and instead, directly 
activate STAT3 [42]. Ibrutinib and ruxolitinib therefore both target 
different components of the JAK/STAT3 pathway which ultimately 
promotes CSC maintenance. Both organoids and spheres were treated 
with each drug for 6 days total, followed by quantification of cell 
viability. All specimens were normalized to their own DMSO control. 
DMSO levels showed no detectable toxicity and, due to our controlled 
formation and growth processes, cell viability measurement was highly 
repeatable between both technical and biological replicate organoids 
from multiple different GBM specimens (Supplementary Fig. 4). For the 
majority of treatments and specimens, GBM organoids demonstrated 
significantly greater overall resistance after treatment with each test 
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Fig. 2. GBM organoids show spatial and quantitative proliferative phenotypes not demonstrated in matched spheres. A Multiple GBM organoid specimens IHC 
stained for pHH3, scale bar = 100 um. B IHC staining of two GBM organoids, matched sphere samples, and adherent cultures for pHH3. Red arrows indicate cells 
staining for pHH3, scale bar = 100 um. C Graph of number of proliferating cells per high powered field (HPF) for the two GBM organoids, matched sphere specimens, 
and adherent cultures in B. D DNA content analysis of GBM organoid, matched spheres, and adherent cultures showing G0/G1, S, and G2/M phases. 
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drug, compared to identically treated matched sphere cultures (Fig. 4A). 
We found both intraspecimen and interspecimen variability in the 

extent of organoid resistance to chemotherapeutic drug. The normalized 
ratios of organoid to sphere viability demonstrated that nearly every 
organoid specimen showed some amount of drug resistance, but further 
evaluating by both drug and specimen, we see both general trends and 
exceptions to these trends (Fig. 4B). No specimens showed organoids 
being significantly more sensitive to drug compared to the matched 
sphere culture. The delineation between statistical significance and 

meaningful difference is important to consider as well. Specimen 
GBM3832 shows a statistically significant resistance of organoids 
compared to spheres for temozolomide, lomustine, and ruxolitinib, 
however the trends of effect are the same in each case and we do not feel 
these organoid cultures provide meaningfully different information 
compared to the spheres. This demonstrates one of several cases where 
3D culture did not provide a notably different result compared to 
traditional methods. In contrast, the majority of specimen-drug combi
nations provided meaningfully differing results in organoid versus 

Fig. 3. Organoids demonstrate resistance to standard of care therapies for GBM. A H&E and IHC staining for pHH3 of matched sphere and organoid specimens of 
sample GBM3338 receiving DMSO, radiation alone, temozolomide alone, and combination radiation and temozolomide therapy. Red arrows indicate cells staining 
for pHH3, scale bar = 100 um. B H&E and IHC staining for pHH3 of matched sphere and organoid specimens of sample GBM124 receiving DMSO, radiation alone, 
temozolomide alone, and combination radiation and temozolomide therapy. Red arrows indicate cells staining for pHH3, scale bar = 100 um. C H&E and IHC 
staining for pHH3 of matched sphere and organoid specimens of sample GBM2012 receiving DMSO, radiation alone, temozolomide alone, and combination radiation 
and temozolomide therapy. Red arrows indicate cells staining for pHH3, scale bar = 100 um. 
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Fig. 4. GBM organoids demonstrate widespread, significant resistance to clinical therapeutics compared to matched 2D sphere culture. A Graphs of six different GBM 
patient specimens comparing normalized cell viability of both organoid culture and sphere culture after undergoing CTG dissociation for temozolomide, ibrutinib, 
lomustine, and ruxolitinib. * indicates p < 0.05, ** indicates p < 0.001, *** indicates p < 10^− 10. Colored data points represent organoid culture, gray data points 
represent sphere culture. p in patient specimen indicates pediatric specimen. B Graph of organoid to sphere response ratio for each specimen and each drug on 
logarithmic scale. Values greater than 1 indicate ‘resistance’ and less than 1 indicates ‘sensitive’. C Graph of difference between sphere and organoid normalized 
cell viability. 
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sphere viability. This both demonstrates the importance of 3D culture 
methods as a tool to accurately test therapeutics and also cautions that 
3D culture is not always required and, in some cases, will produce the 
same results as other more efficient growth methods. 

Looking at the absolute difference in cell viability, we see temozo
lomide demonstrates a dramatic difference in efficacy between organoid 
and sphere culture in two of the six patient specimens tested (Fig. 4C). 
By contrast, tumor cytotoxicity after exposure to lomustine and rux
olitinib demonstrated significant difference in resistance between GBM 
spheres and organoid conditions in four specimens out of six cases. 
Ibrutinib has a consistent resistance (statistical and large absolute dif
ferences) across specimens, except for GBM3832. pDIPG007 demon
strated a nearly identical response to ruxolitinib and ibrutinib in sphere 
culture, but demonstrated significant resistance to ibrutinib and sensi
tivity to ruxolitinib in organoid culture. Since ibrutinib and ruxolitinib 
both target components of the STAT3 signaling pathway, this reveals a 
previously unreported 3D specific response to two therapies targeting 
the same molecular pathway. 

Organoids demonstrate blunted proliferative effect and varied induction of 
apoptotic activity in response to clinical therapies 

To better understand how organoids maintain viability compared to 
spheres, we evaluated both proliferation and apoptosis in drug-treated 
organoids. We used IHC staining of pHH3 to measure active prolifera
tion of multiple organoid specimens after treatments with each of the 
above therapies (Fig. 5). Most organoids demonstrated at least a blunted 
antiproliferative response to each therapy, which is consistent with our 
above findings (Fig. 3). However, despite organoids showing generally 
decreased proliferation after exposure to chemotherapeutic drugs, this 
did not translate to decreased organoid viability measurements as shown 
in Fig. 4. For example, the organoid specimens with perhaps the most 
dramatic reduction in pHH3 staining were pGBM001/ibrutinib and 
GBM3832/lomustine (Fig. 5). However, according to ATP-based cell 
viability data (Fig. 4), pGBM001 shows resistance to ibrutinib whereas 
GBM3832 is incongruently sensitive to lomustine. Quantification of 
pHH3 staining compared to the DMSO control shows a generally anti
proliferative response, but there are some instances where this is not the 
case. In specimen GBM3832, we see a notable difference in pHH3 
staining between temozolomide and lomustine, both DNA alkylating 
agents. We theorized that although these chemotherapies blunt prolif
eration, this may not be resulting in apoptosis and might explain the 
measured therapeutic resistance based upon total cell viability. We 
therefore performed IHC staining of each treated organoid specimen for 
Cleaved Caspase-3 (CC-3) to assess apoptotic activity. As expected, there 
was variable response across therapies and specimens. However, orga
noid specimens with greater drug sensitivity such as GBM3832/Ibruti
nib, pDIPG007/Ruxolitinib, and GBM3832/lomustine (Fig. 4) were 
found to have increased apoptotic activity after treatment with that drug 
(Figs. 6A, Supplemental 5). Taken together, our data demonstrates that 
while chemotherapy can inhibit active cellular proliferation at least 
modestly for specimens in 3D organoid culture, it is more difficult to 
induce cell death consistently or strongly enough to render the organoid 
sensitive to the drug. 

More “stem-like” GBM cells are known to have greater resistance to 
therapy [2,9,15,21,47]. To see whether the apoptotic cells were 
enriched or depleted for CSCs, we treated pGBM001 organoids with the 
above drugs for 6 days and double immunostained for SOX2 and CC-3. 
Although we could visualize SOX2+ cells in all organoids and induc
tion of CC-3 cleavage, we observed that very few of the CC-3+ cells were 
also SOX2+ (Fig. 6B). This appeared true for all treatments, albeit to 
varying degrees, and reflects the previously published response of GBM 
organoid cellular populations to radiation therapy [18]. Quantifying our 
results also demonstrated that drugs with similar mechanisms of action 
tended to have similar trends (Supplemental Figs. 5, 6B). The alkylating 
agents temozolomide and lomustine both show increased SOX2 staining 

as well as increased CC3 staining, whereas the JAK/STAT inhibitors 
have similar or slightly decreased SOX2 and CC3 staining compared to 
DMSO control. 

In addition to proliferative and apoptotic cell populations, we have 
previously shown that GBM organoids also harbor senescent cell pop
ulations [18], which may have a very different response to therapy than 
cycling cells, particularly to antiproliferative chemotherapies such as 
our alkylating agents. Senescent cells remaining in organoids would 
contribute to total signal after treatment as quantified by our ATP-based 
viability measurement experiments in Fig. 4. We therefore explored 
whether treatment of pGBM001 organoids with our drug panel resulted 
in induction of senescence. We used senescence-associated beta-ga
lactosidase (SA-βgal), measured by 5-dodecanoylaminofluorescein 
di-β-D-galactopyranoside (C12FDG) fluorescence [7], as a marker of se
nescent cells. Because this readout is FACS-based, we also included 
marking of late-apoptoptic cells with a propidium iodide based 
apoptotic dye (TO-PRO-3) (Fig. 6C). Indeed, we observed the same 
trends of strong apoptotic induction from alkylating agents as we 
described when quantifying CC-3 cleavage by immunohistochemistry 
(Supplemental Fig. 5) and by immunofluorescence (Fig. 6B). In addition, 
we also found strong induction of SA-βgal activity by these drugs, and 
strong senescence induction by ibrutinib which did not create a parallel 
apoptotic response. Interestingly, we again found a dichotomous 
response between the two JAK/STAT inhibitors where BMX inhibition 
through ibrutinib resulted in increased senescent cells in organoid cul
ture but parallel JAK2 inhibition with ruxolitinib did not. Further 
research would need to be conducted to dissect the contribution of these 
different facets of JAK/STAT signaling to senescence in GBM. Interest
ingly, we observe that remarkably few GBM organoid cells are both se
nescent and apoptotic. This raises the intriguing possibility that 
assumption of a senescent or senescent-like state may be a strategy for 
GBM cells to avoid apoptosis induced by clinical therapeutics. Future 
research will be required to further investigate such a hypothesis. Taken 
together, our data suggests that 3D GBM culture methods may be a 
useful platform through which to investigate diverse tumor-like re
sponses to potential therapies and may be leveraged for additional 
molecular insight in to GBM. 

Discussion 

GBM organoids represent, in some respects, a remarkably inefficient 
system in which to conduct research. The high volumes of expensive 
media required combined with the comparatively very long timelines to 
conduct a single experiment make this model system a cumbersome tool 
compared to sphere or adherent culture of the same specimens. The 
primary strength of organoid culture is the ability to recapitulate 
cellular diversity and maintain various tumor microenvironments by 
allowing cellular self-organization within its 3D structures. We have 
detailed many relative benefits and drawbacks of such culture systems 
elsewhere [18,37] and strongly feel that the culture system used must be 
properly matched to the scientific question to be answered. In other 
cancers, such as biliary tract, endometrial, and pancreatic carcinomas, 
patient-derived organoids are being used to test various treatments and 
organoid-specific phenotypes are observed [4,17,39]. Patient-derived 
organoids of metastatic gastrointestinal tumors receiving treatment 
have even been shown to mimic patient response to therapies [45]. 
Specifically in GBM, organoids are able to mimic phenomena seen in 
tumors that are not captured in the more homogeneous sphere culture 
[18,35,49]. This ability to model CSC properties that are thought to 
contribute to therapeutic resistance is valuable for the future of 
personalized medicine. Loong et al. demonstrated that not only did GBM 
organoids grown from initial surgery mimic the temozolomide resis
tance the patient later developed, but that genetic evaluation of those 
organoids led to targeted drug therapy with everolimus that led to 
clinical reduction of tumor size [27]. Indeed, GBM, organoids treated 
with combination temozolomide and radiation therapy have shown no 
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Fig. 5. Proliferative staining of multiple organoids demonstrates blunted response to cell division. Immunohistochemistry staining of phospho-Histone H3 and 
hematoxylin. * indicates p < 0.05, ** p < 0.01, ns non-significant, scale bar = 100um. 
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Fig. 6. Organoids demonstrate varied induction of apoptotic and senescence activity in response to clinical therapies. A Apoptotic staining of pGBM001 organoids 
treated with chemotherapeutics for Cleaved caspase 3, scale bar = 100um. B Double immunolabeling of pGBM001 organoids for markers of stemness (SOX2) and 
apoptosis (Cleaved caspase 3), and graph of percent of SOX2+, Cleaved Caspase 3+ and SOX2+, Cl.Casp.3+ double positive cells, scale bar = 50um. C Graph for flow 
cytometric analysis of pGBM001 organoids for senescence marker C12FDG and DNA (apoptosis) marker To-Pro3. * indicates p < 0.05, ** p < 0.001, *** p < 0.0001, 
ns non-significant. 
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significant change in size [19,25], consistent with our detailed findings 
of blunted proliferation and growth (Figs. 3–5) and induction of senes
cence (Fig. 6C) response in organoids treated with standard of care 
therapies. 

We saw that organoids demonstrate resistance to standard of care 
therapy and sought to explore this further by testing additional drugs 
and studying potential mechanisms of resistance, including prolifera
tion, senescence, or apoptosis. The use of organoids has a complemen
tary role to traditional culture in revealing drug response in a different 
way than may be seen in 2D. Beyond the organoid cultures simply being 
harder to kill, comparison between 2D/sphere and 3D behaviors could 
be used to investigate deeper biologic mechanisms of signaling and drug 
resistance in GBM patients. For instance, specimen pDIPG007 demon
strated sensitivity as sphere culture to both ibrutinib and ruxolitinib, 
which each affect different aspects of the JAK/STAT3 pathway. How
ever, organoid culture unveiled 3D resistance to ibrutinib, without loss 
of sensitivity to the same dose of ruxolitinib. This finding could be 
expanded further to mechanistically pursue what parts of the JAK/ 
STAT3 pathway are most likely to be effective targets for new thera
peutics, and therefore most likely to be effective upon translation to 
clinical trials. 

Clinically, one often cited reason for difficulty effectively treating 
GBM is drug delivery and diffusion of seemingly successful therapeutic 
agents into a patient’s tumor mass. One obvious way GBM organoids 
may be resistant to a drug would be if there is lack of delivery to the 
targeted cells. Because organoids are vastly larger than corresponding 
sphere culture, it is tempting to blame limited drug diffusion to tumor 
cells within the mass. There are several reasons we do not believe this is 
the driving force behind resistance shown here. If drug delivery to the 
center of organoids were a limiting factor in killing proliferative cells 
that maintain the tumor, we might expect to see the fewest proliferating 
cells in the outer rim with relatively more remaining proliferative cells 
in the core. However, when we evaluate IHC staining for pHH3, we see 
that the outside rim closest to the drug containing media still has the 
greatest number of proliferating cells remaining after treatment, 
including cells proliferating right near the media boundary (Fig. 5), 
suggesting that this effect is biological and not diffusion-based. Diffusion 
is also not a variable for radiation therapy which impacts all cells equally 
at this scale, yet we see clear resistance of organoids compared to 
matched spheres when receiving only radiation therapy (Fig. 3). To 
prove whether small molecules such as our drugs can successfully 
penetrate the core of the organoids, we evaluated cancer therapeutic 
doxorubicin which is naturally fluorescent at 590 nm (Supplementary 
Fig. 3). We see that at 24–48 h, doxorubicin has diffused within the 
organoid mass. Taken together, we believe these data demonstrate that 
3D grown GBM cells demonstrate a biologically different response to the 
tested therapeutics compared to sphere cultures. Organoid culture al
lows for interactions between tumor cells and extracellular matrix, and 
between cells of different microenvironments; both types of interactions 
may contribute to this differing response to chemotherapy. 

We demonstrate that chemotherapy can blunt cell proliferation in 
organoid specimens, however this does not translate to cell death. By 
comparison, decreased viability is seen in matched sphere specimens. 
We therefore infer from our findings that organoids display an unknown 
protective mechanism against cell death. In the literature, growth of 
cells in 3D architecture such as Matrigel or hydrogel is well known to be 
protective against cell death, and this may be a likely contributing factor 
to the drug resistance demonstrated here [14,24,46,48,50,51]. For 
example, Wang et al. showed that cancer cells developed resistance to 
alkylating agents when grown in a 3D porous scaffold. Tumor cells 
maintained in a hydrogel demonstrate increased survival against a va
riety of drugs [24]. This was thought to be due to microglial cells that 
release cytokines which leads to activation of signaling pathways that 
maintain GSC stemness and contribute to resistance against cytotoxic 
agents. Overall, these diverse studies using various methods of forming 
3D structures converge on a similar conclusion that live 3D modeling is 

likely to be the key technological approach underpinning the discovery 
of resistance mechanisms of human cancer cells. 

In our above data, we see general trends and ‘rules’, but also many 
exceptions. This variable response may not be explained simply with one 
molecular behavior and underscores the dramatic complexity of cancer 
growth and evolution. Further research in this arena is necessary to 
accurately predict which specimens will show specific drug resistance. 
Importantly, patient tumor specimens grown in sphere culture versus 
organoid culture can paint a different picture of that tumor and how to 
attack it. As we have demonstrated above, a specimen may seem effec
tively treated with a therapeutic agent in sphere culture, yet that same 
specimen as an organoid can show significant resistance to the same 
dose of the same therapeutic. Three-dimensional organoid culture can 
provide unique insight into the complex network of interactions and 
serve as a complementary method in addition to sphere culture to help 
better understand what makes GBM such a clinically evasive disease. 
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