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SUMMARY

Glioblastomas exhibit vast inter- and intra-tumoral
heterogeneity, complicating thedevelopmentofeffec-
tive therapeutic strategies. Current in vitromodels are
limited in preserving the cellular and mutational diver-
sity of parental tumors and require a prolonged gener-
ation time.Here,wereportmethods forgeneratingand
biobanking patient-derived glioblastoma organoids
(GBOs) that recapitulate the histological features,
cellular diversity, gene expression, and mutational
profiles of their corresponding parental tumors.
GBOs can be generated quickly with high reliability
and exhibit rapid, aggressive infiltration when trans-
planted into adult rodent brains. We further demon-
strate theutilityofGBOs to testpersonalized therapies
by correlatingGBOmutational profileswith responses
to specific drugs and by modeling chimeric antigen
receptor T cell immunotherapy. Our studies show
that GBOs maintain many key features of glioblas-
tomas and can be rapidly deployed to investigate
patient-specific treatment strategies. Additionally,
our live biobank establishes a rich resource for basic
and translational glioblastoma research.
INTRODUCTION

Glioblastoma is the most prevalent primary malignant brain tu-

mor in adults (Ostrom et al., 2018) and remains almost invariably

lethal due to its aggressive and invasive nature. Despite many

clinical trials (Paolillo et al., 2018), the standard of care therapy

for over a decade has been maximal surgical resection followed

by temozolomide chemotherapy and radiation treatment, which

improves the median survival duration to 14.6 months when

compared to 12.1 months with surgery and radiation alone

(Stupp et al., 2005). It has been increasingly appreciated that

molecular heterogeneity among tumors (Brennan et al., 2013)

andwithin tumors (Darmanis et al., 2017; Neftel et al., 2019; Patel

et al., 2014) likely contributes to poor outcomes of numerous

clinical trials (Mandel et al., 2018). Characterizing this heteroge-

neity and developing new models for timely empirical testing of

personalized treatment strategies for glioblastoma remain both

pre-clinical and clinical challenges.
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Several model systems have contributed tremendously to our

current understanding of biological mechanisms underlying glio-

blastoma pathogenesis, but have their limitations. Traditional

in vitro culture models, both monolayer and tumor sphere cul-

tures, can require a substantial amount of time to establish and

use exogenous EGF, bFGF, and/or serum to propagate tumor

cells over serial passages with clonal expansion, which are not

favorable to maintain various cellular subtypes and key driver

gene expression of parental tumors (Ledur et al., 2017; Lee

et al., 2006). Patient-derived xenograft (PDX) models, in which

primary dissociated tumor cells are directly injected into mice,

are thought to better retain these important features of glioblas-

tomas (Giannini et al., 2005). However, these PDXmodels exhibit

variable engraftment efficiency and host infiltration by tumor

cells, have very limited throughput, and are subject to a long la-

tency in tumor generation ranging from 2 to 11 months (Patrizii

et al., 2018). The protracted time required to establish clonal tu-

mor cell cultures and PDX models hinders their clinical applica-

bility for testing personalized therapy as current treatment regi-

mens are typically initiated 1 month following surgery, and the

median survival time of patients upon diagnosis is 14.6 months.

Recently, 3D organoid culture systems have been developed

that capture the phenotypic and molecular heterogeneity found

in various organs (Clevers, 2016), including cerebral organoids

(Kadoshima et al., 2013; Lancaster et al., 2013; Pasxca et al.,

2015; Qian et al., 2016). Organoids have since been applied to

model various cancers, including pancreatic, prostate, liver,

breast, bladder, ovarian, and gastrointestinal cancers (Boj

et al., 2015; Broutier et al., 2017; Gao et al., 2014; Kopper

et al., 2019; Lee et al., 2018; Sachs et al., 2018; Yan et al.,

2018). In most cases, dissociated tumor cells of epithelial origin

are cultured withinMatrigel in the presence of exogenous growth

factors to form 3D structures, and various cancer organoid bio-

banks have been established as valuable resources (Bleijs et al.,

2019). To study glioblastoma, cerebral organoids have been

genetically manipulated to develop oncogenic properties (Bian

et al., 2018; Ogawa et al., 2018) or co-cultured with tumor

spheres to model tumor cell invasion (da Silva et al., 2018; Link-

ous et al., 2019). Furthermore, patient-derived glioblastoma or-

ganoids generated with Matrigel and exogenous EGF/bFGF

over several weeks have demonstrated stem cell heterogeneity

and a hypoxic gradient (Hubert et al., 2016). The degree to which

these glioblastoma organoid systems recapitulate keymolecular

features of patient tumors remains unclear.

Here, we report a robust method to rapidly generate glioblas-

toma organoids (named GBOs) in a defined culture medium

directly from fresh tumor specimens without single-cell dissoci-

ation. We generated a live biobank of GBOs and performed

comprehensive histological, molecular, and genomic analyses

to show that GBOs recapitulate inter- and intra-tumoral hetero-

geneity and retain many key features of their corresponding

parental tumors. These GBOs can be efficiently xenografted

into the adult mouse brain, displaying rapid and aggressive infil-

tration and maintaining key driver mutation expression. We

further show that GBOs can be employed to test responses to

standard of care therapy as well as targeted treatments,

including drugs from clinical trials and chimeric antigen receptor

T (CAR-T) cell immunotherapy, on a clinically relevant timescale.
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Together, these results highlight the potential utility of our pa-

tient-derived glioblastoma organoid model and biobank for

basic and translational research and for testing personalized

therapies.

RESULTS

Culture and Banking of Glioblastoma Organoids from
Patient Tumors
To preserve the local cytoarchitecture and native cell-cell inter-

actions of original tumors, and to avoid clonal selection of spe-

cific cell populations in culture, we developed a protocol to

generate glioblastoma organoids (GBOs) without mechanical

or enzymatic dissociation of the resected tumor tissue into single

cells (Figure 1A). Furthermore, the optimized medium to estab-

lish and maintain GBOs is fully defined, serum-free, and with

no added EGF/bFGF or extracellular matrix that may contribute

to further selection. We obtained fresh surgically resected glio-

blastoma tumor tissue from patients after informed consent

(Table S1). Optimal GBOs were generated from tissue along

the tumor margin with minimal necrosis and little surrounding

brain tissue. The resected tissue was cut into �1 mm diameter

pieces using fine dissection scissors (Figure 1A). Debris and

red blood cells were removed and tumor pieces were cultured

in theGBOmedium on an orbital shaker to facilitate organoid for-

mation and increase nutrient and oxygen diffusion. Tumor pieces

generally formed round organoids within 1–2 weeks (Figure 1A).

GBOs were propagated by cutting them into �0.5 mm diameter

pieces to avoid necrotic cell death in the inner core (Figure 1A).

To assess whether GBOs resemble their corresponding

parental tumors, we first performed histological analyses. Each

GBO was independently confirmed by a neuropathologist to

retain features of high-grade gliomas using H&E staining (Fig-

ure 1B). These GBOs displayed the cellular and nuclear atypia

of patient tumors, often containing abundant mitotic figures

and pleomorphic nuclei (Figure 1B). In particular, GBOs ex-

hibited many characteristic cellular morphologies of their

parental tumors, such as gemistocytic cells (UP-7966), multinu-

cleated giant cells (UP-8036 and UP-7955), and cells with abun-

dant vacuoles (UP-7884). Many GBOs also retained CD31+

vasculature (Figure 1C). GBOs allowed to grow larger developed

hypoxia gradients (Figure 1D), a hallmark of glioblastomas (Hu-

bert et al., 2016). Hypoxia increased substantially around

300 mm from the surface, correlating with absence of KI67+

proliferating cells (Figure 1D).

To further characterize cellular identities, we performed immu-

nohistological analyses using a panel of neurodevelopmental

markers, including glial markers GFAP and S100B, immature

neuronal marker DCX, and neural progenitor and glioma stem

cell markers NESTIN, BLBP, HOPX, SOX2, and OLIG2. We

observed robust heterogeneity in cell identity and morphology

in GBOs with close resemblance to the cellular composition of

corresponding parental tumors, which exhibited marked

inter-tumoral heterogeneity (Figures 2A and S1A). Quantitative

analysis of 8 tumor samples showed similar percentages of cells

expressing SOX2 and OLIG2 between parental tumors and cor-

responding GBOs for up to 4 weeks in the majority of cases

(Figure 2B). GBOs largely maintained the proliferation rate of



A

Obtain fresh
GB tumor 

Microdissect into
small pieces 

Culture tumor pieces 
Hibernate A

(on ice)

Routinely cut GBOs
to smaller peices

Biobank
GBOs

B Hematoxylin&Eosin

GBO freezing mediumGBO medium 
(37°C, 5% CO2, 90% humidity, orbital shaker 120 rpm)

Hibernate A + GPSA

pppppppp

Tu
m

or
G

BO

C D
7955-GBO 2W

DAPICD31

1 2

1

2

7803-GBO 4W
DAPIHypoxyProbeKI67

(4°C) 

2 week 4 week

7884

8036

7955

7966

Tu
m

or
G

BO

4W 4W

6W 4W

Figure 1. Generation of GBOs that Retain Histologic Features of Parental Tumors

(A) A schematic of the procedure with sample bright-field images. Scale bar, 1 mm.

(B) Sample H&E staining images of parental tumors and corresponding GBOs. Age of GBOs in weeks (W) is listed. Scale bars, 20 mm.

(C) Sample confocal image of micro-vasculature retained in GBO with immunostaining for CD31. Scale bar, 100 mm.

(D) Sample confocal images showing the hypoxia gradient present in a large GBO with immunostaining for HypoxyProbe and KI67. Insets highlight KI67+

proliferating cells at the periphery (box 2), but not in the hypoxic core (box 1). Scale bars, 100 mm.

See also Figure S2 and Tables S1 and S2.
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Figure 2. GBOs Retain and Continuously Generate Heterogeneous Cell Populations

(A) Sample confocal images of immunostaining for different markers showing the maintenance of parental tumor cell populations in cultured GBOs and GBOs

recovered from the biobank for two patients. See Figure S1A for additional samples. Scale bar, 50 mm.

(legend continued on next page)
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corresponding parental tumors as quantified by KI67 immuno-

staining (Figures 2A and 2B). We observed small numbers of

dying cells in non-necrotic regions for some parental tumors

and derived GBOs, but not for others (Figure S1B). To examine

GBO expansion, we pulsed GBOs with 5-ethynyl-20-deoxyuri-
dine (EdU). At 1 h after labeling, the majority of EdU+ cells were

NESTIN+, S100B+, DCX+, or OLIG2+, revealing progenitor sub-

types that were actively dividing in these GBOs (Figures 2C

and 2D). Twoweeks later, EdU-retaining cells includedNESTIN+,

HOPX+, DCX+, S100B+, OLIG2+, and GFAP+ cells, indicating

continuous generation of diverse cell types that were typically

present in parental tumors (Figures 2A and 2D). We have also

monitored GBO growth by measuring the size of individual

GBOs over time (Figures S2A and S2B).

We have generated GBOs with high reliability from glioblas-

tomas of 53 patient cases, including from anatomical subre-

gions of the same tumors and from recurrent tumors (Fig-

ure S2C; Table S1). We defined successful GBO generation

as microdissected tumor pieces that could survive, develop a

spherical morphology, and continuously grow in culture for

2 weeks. Using these criteria, our overall success rate for

generating GBOs was 91.4%, with 66.7% for IDH1 mutant tu-

mors and 75% for recurrent tumors (Table S1). GBOs could

be cultured for over 48 weeks and maintained similar expres-

sion of markers examined (Figures S2D and S2E). We also

developed protocols for freezing cultured GBOs and recovering

them from cryopreservation. These recovered GBOs exhibited

continuous growth (Figures 2E and 2F) and similar expression

of various markers to their corresponding parental tumors (Fig-

ures 2A, 2B, S1, and S2D). So far, we have established a bio-

bank of 70 GBOs from 53 patient cases (including subregional

samples) carrying a variety of genomic alterations commonly

found in glioblastomas (Brennan et al., 2013) (Figure S2F; Table

S1) and performed additional characterizations for a subset of

these GBOs (Table S2).

Maintenance ofMolecular andMutation Inter- and Intra-
tumoral Heterogeneity by GBOs
We next assessed whether GBOs also maintained gene expres-

sion signatures and genomic landscapes similar to their corre-

sponding parental tumors.We performed transcriptome analysis

by bulk RNA sequencing (RNA-seq) across 12 patients, including

2 patients with subregional samples, for a total of 17 parental tu-

mor samples and 64 derived GBOs in culture for 1 to 12 weeks

(Table S3). Overall, transcriptome-wide comparisons of GBOs

with their corresponding parental tumors demonstrated high

similarity (Figures 3A and S3A). Given the large inter-tumoral

heterogeneity for glioblastomas, we identified unique gene
(B) Quantifications of SOX2+, OLIG2+, and KI67+ cells in 8 parental tumors, cor

biobank (4W+2W). Values represent mean ± SEM (n = 5).

(C and D) EdU pulse-chase experiments. GBOs were incubated with 1 mMEdU for

later. Shown are sample confocal images (C; scale bar, 50 mm) and quantification

chase (D). Dots represent data from individual GBOs and bar values represent m

(E and F) Growth of biobanked GBOs after recovery. Shown are sample bright-fiel

and quantification of the ratio of the measured 2D area at each time point to the 2D

represent mean ± SEM (n = 10 GBOs per sample).

See also Figures S1 and S2 and Tables S1 and S2.
expression signatures for individual parental tumors and found

that corresponding GBOs maintained these patterns of gene

expression in culture over time (Figure 3B). For example, EGFR

expression was maintained at high levels in UP-7788-ANT-

GBOs and at low levels in UP-7790-GBOs, as shown by both

RNA-seq and immunohistology (Figures S3B and S3C). System-

atic comparison between parental tumors and derived GBOs

showed that the major difference was downregulation of blood-

and immune-related genes in GBOs (Figures S3D–S3F), likely

reflecting the elimination of blood cells and a lack of immune

cell expansion in GBOs over time. Few genes were upregulated

in GBOs compared to parental tumors (Figures S3D and S3F).

To determine whether GBOs maintain genomic alterations

found in parental tumors, we performed exome sequencing of

13 parental tumor samples, their corresponding GBOs at

2 weeks, and matched blood samples (Table S3). We focused

on somatic variants listed in a recent comprehensive study of

glioblastoma genomics (Brennan et al., 2013). The majority of

somatic variants identified in parental tumors was found in cor-

responding GBOs at similar allele frequencies (Figure 3C; Table

S3). Copy number variants (CNVs) detected in parental tumors

were also identified in corresponding GBOs at similar copy num-

ber ratios (Figures 3C andS3G). Notably, inter-tumoral heteroge-

neity was largely retained in corresponding GBOs (Figure 3C).

To assess the maintenance of intra-tumoral heterogeneity in

GBOs, we examined subregion samples. Genomics analyses re-

vealed that subregion-specific genomic variants, such as a

PTEN missense mutation and copy number loss of 6q and 16q

in the UP-7788-PMS subregion, but not in the UP-7788-ANT

subregion, were maintained in corresponding GBOs (Figure 3C).

Gene expression analysis also showed that GBOs maintained

signatures of subregion tumor samples (Figures 3B and 3D).

As an example, RNA-seq and digital PCR detected differential

expression of the gain-of-function EGFR variant III (EGFRvIII) in

different subregions (ANT and PMS) of the UP-7788 tumor and

corresponding GBOs (Figures 3E and 3F), which was further

confirmed by immunohistology (Figure 3G).

Together, these results demonstrate that GBOs largely main-

tain molecular signatures of corresponding parental tumors,

including inter- and intra-tumoral transcriptomic and genomic

heterogeneity.

Maintenance of Cell-Type Heterogeneity and Molecular
Signatures by GBOs
To further investigate cell-type heterogeneity and its molecular

signatures, we performed single-cell transcriptome analysis of

parental tumors from 3 patients and corresponding GBOs at

2 weeks and later time points, including two subregion samples
responding GBOs for different culture periods, and those recovered from the

1 h and immunohistology for different markers was performed 1 h and 2 weeks

s of EdU+Marker+ cells among EdU+ cells after 1-h EdU pulse and 2-week EdU

ean ± SEM (n = 5).

d images of individual GBOs recovered from the biobank (E; scale bar, 500 mm)

area at time point 0 for the sameGBOs recovered from the biobank (F). Values
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Figure 3. GBOs Maintain Inter- and Intra-tumoral Heterogeneity of Gene Expression and Mutational Profiles of Corresponding Parental

Tumors

(A) Heatmap of transcriptome-wide gene expression Pearson correlations between parental tumors and corresponding GBOs as determined by RNA-seq.

*Unsampled time points.

(B) Gene expression heatmap of the top 10,000 most variably expressed genes in parental tumors.

(C) Somatic variants in glioblastoma-associated genes (top panels) and copy number variations in autosomal chromosomal arms (bottom panels) identified by

whole-exome sequencing of parental tumors, derived GBOs at 2 weeks and corresponding blood samples. The types of variants and allele frequencies are listed

(see Table S3). The EGFRvIII mutation was determined by RNA-seq.

(legend continued on next page)
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from 1 patient (Table S4). At the single cell level, neoplastic cells

from both parental tumors and derived GBOs, as determined by

copy number alteration (CNA) status (Tirosh et al., 2016) and

marker gene expression (Figure S4A), exhibited patient-specific

clustering, whereas non-neoplastic cell types such as macro-

phages/microglia, T cells, stromal cells, and myelinating oligo-

dendrocytes from different patients clustered together (Figures

4A and 4B). Macrophage/microglia cells showed similar expres-

sion of many immune-related genes in the parental tumors and

GBOs at 2 weeks, including cytokines such as TNF, IL1B, and

TGFB1, suggesting that certain features of the tumor microenvi-

ronment were maintained within GBOs (Figure 4C). Some of

these cells exhibited microglia-associated gene signatures and

others exhibited macrophage-like gene signatures with an over-

all enrichment of macrophage-like cell states in culture (Fig-

ure 4D). We confirmed the presence of macrophage/microglia

and T cells within tumors and derived GBOs by immunohistology

for IBA1 and CD3, respectively (Figure 4E). We also performed

single-cell RNA-seq for UP-8036-GBOs at 8 weeks and

UP-8165 and UP-8167 GBOs at 24 weeks (Table S4). We found

similar distributions of cells at later time points as for the parental

tumor and corresponding GBOs at 2 weeks (Figures 4F, S4B,

and S4G), suggesting the maintenance of cell types and molec-

ular signatures of parental tumors by GBOs over extended time

in culture.

Many different cell clusters were identified in parental tumors

and corresponding GBOs at 2 weeks (Figures 4G, S4C, and

S4H), reflecting the diversity of cell types and cellular states.

GBO cell clusters were mapped to the parental tumor cell clus-

ters by pairwise comparisons of whole transcriptome gene

expression with a high degree of similarity, indicating that

GBOs largely maintain the cellular heterogeneity of parental

tumors (Figures 4H, S4D, and S4I). To further explore this hetero-

geneity, marker genes were identified for each GBO cell cluster

(Table S4). For UP-8036-GBOs, we identified neoplastic popula-

tions of proliferating cells, oligodendrocyte precursor cell (OPC)-

like, astrocyte-like, oligodendrocyte-like, and neuron-like cells

(Figure 4I), similar to results recently reported in primary tumors

(Neftel et al., 2019). Comparing their transcriptome profiles to

two independent single-nuclei RNA-seq datasets for adult hu-

man non-tumor brain cells (Habib et al., 2017; Lake et al.,

2018) revealed that these neoplastic cells share similarities

with different cell types in the adult human brain (Figure 4J). Simi-

larly, UP-8165 and UP-8167 exhibited multiple populations of

neoplastic cells with distinct transcriptomic features in parental

tumors and corresponding GBOs (Figures S4E and S4J).

Notably, UP-8165-C contained a subregion-specific and distinct

population of cells not found in UP-8165-PV in both parental tu-

mors and corresponding GBOs (Figure S4B). This cell population

was identified by high expression levels of GPNMB (Figure S4B),

which has been linked to worse prognoses in glioblastomas

(Kuan et al., 2006).
(D) RNA-seq gene expression PCA plots of subregional samples for parental tum

90% confidence ellipses.

(E) EGFRvIII transcript abundance relative to EGFR as determined by RNA-seq i

(F) EGFRvIII transcript abundance relative to EGFR as determined by digital PCR

(G) Confocal images of EGFRvIII and EGFR immunostaining and DAPI for parent

See also Figure S3 and Tables S1, S2, and S3.
Together, single-cell RNA-seq analyses highlight marked

cellular heterogeneity in GBOs and further support that GBOs

recapitulate cell-type heterogeneity and molecular properties

of corresponding parental tumors.

Robust Engraftment andAggressive Infiltration byGBOs
upon Xenograft
We next asked whether GBOs reproduce glioblastoma proper-

ties in vivo with murine xenografts. To minimize the survival

bias of different cell types following dissociation and to maintain

the integrity and cytoarchitecture of GBOs, we transplanted

intact GBOs into adult immunodeficient mouse brains using an

established brain organoid transplantation protocol (Mansour

et al., 2018) (Figure S5A). We transplanted a total of 8 GBO sam-

ples from 7 patients into 5–7 animals for each GBO sample, all of

which exhibited engraftment when examined at 1–3 months,

indicating a very efficient xenograft model (Table S5).

One major hallmark of glioblastomas is infiltration of tumor

cells into the surrounding brain tissue, which is often associated

with a FLAIR signal on the patient MRI scan (Kelly et al., 1987)

(Figure 5A). At 2 months post-transplantation, analyses of xeno-

grafted UP-7788-PMS and UP-7790 GBOs revealed similar tis-

sue architecture at original xenograft sites and infiltrated areas

as compared to those of corresponding parental tumors by

H&E staining (Figure 5B). We confirmed extensive ipsilateral

and contralateral infiltration of GBO-derived cells by immunohis-

tology of human-specific antigens HuNu and STEM121 (Figures

5C–5F). Quantification of infiltrated cells within one brain section

of 35 mm thickness showed over 10,000 and 20,200 cells

migrated out from original xenograft sites, respectively (Figures

5C and 5E). The majority of infiltrating cells migrated in the white

matter, including a subset that crossed the corpus callosum and

into the cortex, while a few invaded subcortical areas (Figures 5C

and 5E). Reconstruction of the UP-7790 GBO xenograft using

serial brain sections showed aggressive tumor growth and infil-

tration within 3 months (Video S1). Among all xenografted

GBOs derived from different tumors, 92% (48 out 52) displayed

various degrees of infiltration into the surrounding mouse brain

tissue (Table S5). Interestingly, we noted a resemblance of a sat-

ellite tumor phenotype in 3 out of 6 UP-7803-GBO xenografted

animals and the corresponding original tumor as seen in the pa-

tient MRI scan (Figures S5B and S5C). We did not observe such

satellite tumor phenotypes in any other GBO xenografts or

patient MRI scans, suggesting maintenance of tumor-specific

features in these xenografts.

Consistent with the high angiogenic hallmark of glioblastomas,

all xenograftedGBOswith the exception of those fromone patient

were extensively vascularized by host Endoglin+ endothelial cells

at 2 months after transplantation (Figures 5D, 5F, and S5D; Table

S5). Populations of KI67+ proliferative cells and SOX2+

or NESTIN+ progenitors were found at both initial xenograft sites

and distant infiltrated areas (Figures 5D, 5F, and S5D). It has
ors and corresponding GBOs for different culture periods for two patients with

n parental tumors and corresponding GBOs with 95% credible intervals.

in parental tumors and corresponding GBOs at 2 weeks.

al tumors and corresponding GBOs. Scale bar, 50 mm.
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Figure 4. Single-Cell RNA-Seq Analyses of Parental Tumors and Corresponding GBOs
(A) UMAP plot of single-cell RNA expression from UP-8036, UP-8165-C, UP-8165-PV, and UP-8167 parental tumors and corresponding GBOs. Neoplastic cells

are identified and colored by the presence of CNAs (see Figure S4A). Non-neoplastic cell clusters shared by cells fromdifferent patients and corresponding GBOs

are colored and marked: 1 (microphage/microglia cluster), 2 (T cell cluster), 3 (stromal cell cluster), and 4 (mature oligodendrocyte cluster).

(B) UMAP plot of single-cell RNA expression from four parental tumors and corresponding GBOs. Cells are colored by patients and subregions.

(C) Heatmap of gene expression of selected macrophage/microglia marker genes and cytokines in the macrophage/microglia cell cluster (1 in A).

(D) Histogram of microglia versus macrophage gene signature expression in cells from the macrophage/microglia cell population from all parental tumors and all

GBOs at 2 weeks.

(E) Confocal images of immunostaining for microphage/microglia marker IBA1 and T cell marker CD3 in the parental tumor and corresponding GBO at 2 weeks.

Scale bar, 50 mm.

(F) UMAP plot of UP-8036 parental tumor and GBOs at 2 and 8 weeks colored by samples.

(G) UMAP plots of UP-8036 parental tumor and GBOs at 2 weeks colored by cluster. The same cluster number is listed in (H) and (J).

(H) Heatmap of gene expression Pearson correlation of clusters identified in the UP-8036 parental tumor (rows) and GBOs at 2 weeks (columns) with hierarchical

clustering by Euclidian distance.

(I) Heatmap of gene expression of cluster-specific markers in UP-8036-GBOs with columns corresponding to (H). See Table S4 for the detailed gene list.

(J) Comparison of cell clusters in UP-8036GBOs at 2weeks (corresponding to that in H) with normal adult brain cells identified by single-nuclei RNA-seq of human

adult brains in Lake et al. (2018) (L, top panel) and Habib et al. (2017) (H, bottom panel) with marker gene enrichment analysis. OPC, oligodendrocyte precur-

sor cell.

See also Figure S4 and Tables S1, S2, and S4.
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Figure 5. Orthotopic Transplantation of GBOs into Adult ImmunodeficientMice Displays Efficient Engraftment and Extensive Infiltration into
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(A) MRI T1 post-contrast (left) and FLAIR (right) patient brain images.

(B) Sample H&E staining images of the tumor bulk versus infiltrated areas of parental patient tissues and the original xenograft sites and infiltrated areas for

corresponding GBOs at 2 months post-transplantation. Prominent blood vessels (yellow arrow heads) are observed in both the tumor bulk in patients and original

GBO xenograft sites in mice. Infiltrated areas are shown with human neurons and mouse neurons (green arrow heads) and tumor cells (red arrow heads),

respectively. Scale bar, 100 mm.

(C and D) Xenograft of UP-7788-PMS-GBO at 2 months post-transplantation. (C) Coronal section views of human nuclear antigen (HuNu) immunostaining (top)

and reconstruction for quantification of infiltrated cells (bottom). Each red dot represents a HuNu+ cell. (D) Sample confocal images of areas in box 1 and 2 in

(C, bottom panel) for immunostaining of human-specific cytoplasmic antigen (STEM121) showing the extensive vascularization from the host (endoglin immu-

nostaining) in the original xenograft site, and proliferation (KI67 immunostaining), progenitor (SOX2, NESTIN immunostaining), and EGFR/mutant EGFRvIII

expression status of tumor cells in the original xenograft site (box 1) and the infiltrated area (box 2). Scale bar, 50 mm.

(E and F) Xenograft of UP-7790-GBO at 2 months post-transplantation. Cornal section image and reconstruction (E) and sample confocal images in box 1 and 2

(F) are similar as in (C) and (D).

See also Figure S5, Tables S1, S2, and S5, and Video S1.
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been reported thatmaintenanceofEGFRamplificationorEGFRvIII

mutation can be challenging in tumor cell cultures and exogenous

overexpression of wild-type EGFR or mutant EGFRvIII is often

required for in vitro and in vivomodeling (Bigner et al., 1990; Pan-

dita et al., 2004). Importantly, in our model, both EGFR amplifica-

tions and EGFRvIII mutant expression were retained in xenograft

sites and infiltrated areas by GBOs derived from EGFR amplified

and EGFRvIII+ tumors (Figures 5D and S5D).

Our xenografts also exhibited rapid infiltration within 1 month

in vivo (Figure S5E). In addition, GBOs recovered from the bio-

bank were successfully engrafted and exhibited prominent infil-

tration within 1 month and retained EGFRvIII mutant expression

(Figure S5E; Table S5).

Taken together, these results demonstrate that orthotopic

transplantation of intact GBOs offers a timing advantage over ex-

isting PDX models with high efficiency of engraftment, robust

infiltration, and retention of key driver mutation expression.

Modeling Targeted Drug Treatments Using GBOs
We next applied our GBOmodel for testing treatment responses

in vitro. To mimic the post-surgical standard of care treatment,

we subjected 8 GBO samples from 7 patients (Table S6) to a sin-

gle exposure of 10 Gy radiation with concurrent temozolomide

(TMZ, 50 mM) treatment for a week. The therapeutic response

was evaluated by quantifying the percentage of cells expressing

KI67, which has previously been clinically associated with overall

patient survival in treated tumor specimens (Bagley et al., 2019).

GBOs from 3 out of 7 patients exhibited decreased percentages

of KI67+ cells with temozolomide and radiation treatment (Fig-

ures 6A and 6B). One patient (UP-7788) with reduced KI67+ cells

in GBOs had a radiographic reduction of tumor volume following

treatment of recurrence at 1 month (Figure S6A). Another patient

(UP-7884), with reduced KI67+ cells in GBOs from 2 subregions,

had no recurrence in the temporal region and exhibited a pattern

favoring pseudo-progression in the frontal region (Figure S6B),

which has been associated with extended survival (Brandes

et al., 2008; Roldán et al., 2009). Meanwhile, 3 patients (UP-

7790, UP-7803, and UP-7966) with no significant changes in

KI67+ cells in GBOs (Figure 6B) had a belowmedian survival after

treatment (1, 3, and 8 months, respectively). Future studies with

a larger sample size will be necessary to better establish the

correlation between patient and GBO treatment responses.

O6-methylguanine-DNA-methyltransferase (MGMT) promoter

methylation has been reported to be a predictive marker for

response to temozolomide and radiation treatment (Brandes

et al., 2008). We did not find a clear association between GBO

responses andMGMTmethylation from this sample set (Figures
Figure 6. Therapeutic Testing of GBOs In Vitro

(A–C) Treatment of GBOswith 10Gy radiation and temozolomide (TMZ; 50 mM). (A

100 mm. TheMGMTmethylation status identified in each parental tumor is listed. (B

for the age of GBOs used in the analysis. Dots represent individual data points an

Student’s t test). (C) Gene set enrichment in GBOs with significant reduction of K

(D) Schematic of targeted treatment strategy showing genetic pathways, location

The mutations were based on identifications in patient tumor samples via clinica

(E–G) Treatment of GBOswith gefitinib (5 mM). Sample images (E) and quantificatio

with significant reduction of KI67+ cells following gefitinib treatment.

(H–K) Treatment of GBOs with trametinib (1 mM). Sample image (H) and quantifi

samples with NF1 mutations (J and K).

(L–N) Treatment of GBOs with everolimus (1 mM). Sample images (L) and quantifi

samples without NF1 mutations.

See also Figure S6 and Tables S1, S2, and S6.
6A and 6B). To determine whether the treatment responses had

any underlying molecular basis, we performed gene set enrich-

ment analysis (GSEA) on pre-treated GBO and parental tumor

transcriptomes stratified by KI67 responses. The radiation-sen-

sitive group enriched for gene sets associated with response

to radiation therapy and tumor necrosis factor (TNF) signaling,

while the resistant group enriched for gene sets related to neural

stem cells (Figures 6C and S6C; Table S6).

We next explored more targeted drug treatments for specific

signaling pathways based on somatic mutations identified in

parental tumors from a routinely performed clinical sequencing

panel (Figure 6D; Table S1). EGFR tyrosine kinase inhibition did

not improve the overall survival of patients with glioblastomas

(Rich et al., 2004; Uhm et al., 2011), but showed a survival benefit

in patients with mutated EGFR in the absence of downstream

PTENmutation (Arif et al., 2018; Mellinghoff et al., 2005). We hy-

pothesized that the clinical benefit could be mutation-specific.

We therefore treated 10 GBO samples derived from 6 patients

with the EGFR inhibitor gefitinib (5 mM) for a week. Reduction

of KI67+ cells was observed in 7 GBO samples from 3 patients

(Figures 6E and 6F), all of which had EGFR alterations (Table

S1). These results provide functional evidence suggesting that

these EGFR alterations drive cell proliferation in these tumors.

Two tumors had EGFR alterations (UP-7966 with a copy number

gain and UP-7803 with clinical detection of EGFRvIII) but did not

show a reduction of KI67+ cells in GBOs (Figure 6F), indicating

that mutation analysis alone without functional testing is not suf-

ficient to predict treatment responses. GSEA for the gefitinib-re-

sponders enriched for gene sets associated with EGF signaling

and immune-related CCR5 signaling, while the gefitinib-resistant

group enriched for gene sets associated with stem cell-associ-

ated neural development (Figures 6G and S6D; Table S6).

Mutations downstream of targeted tyrosine kinases are known

to contribute to therapeutic resistance (de Bruin et al., 2014;

Huang and Fu, 2015). Two tumors had downstream NF-1 muta-

tions. We therefore tested the MEK inhibitor trametinib (1 mM)

to inhibit signaling downstream of NF-1 (Figure 6D). There was

a significant reduction of KI67+ cells in NF-1 mutant GBOs, but

not in the EGFR-mutated or PI3K-mutated GBOs (Figures 6H

and 6I). GSEA forNF1mutants enriched for gene sets associated

with RAS signaling and angiogenesis (Figures 6J and 6K; Table

S6), while the NF1 WT group enriched for a gene set associated

with acyl chain remodeling of phosphoinositol, the target of

PI3K (Figure 6N), and glutathione conjugation (Figure S6E; Table

S6), which is associated with drug resistance (Backos et al.,

2012). We next tested the effect of inhibiting PI3K-induced

mTOR activation for NF1 WT tumors (Figure 6D). Everolimus is
) Sample confocal images of KI67 immunostaining andDAPI staining. Scale bar,

) Quantification of percentages of KI67+ cells among DAPI+ cells. See Table S6

d bar values represent mean ± SEM (n = 3; *p < 0.05; **p < 0.01; ***p < 0.001;

I67+ cells following radiation and temozolomide treatment.

of tumor-specific mutations, and mechanism of action of targeted treatments.

l sequencing (see Table S1).

n (F) are similar as in (A) and (B). Shown in (G) is gene set enrichment in samples

cation (J) are similar as in (A) and (B). Also shown are gene set enrichment in

cation (M) are similar as in (A) and (B). Shown in (N) is gene set enrichment in
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Figure 7. Modeling Immunotherapy with

Co-cultures of CAR-T Cells and GBOs

(A) Sample confocal images of immunostaining of

EGFR, EGFRvIII, cleaved-caspase-3 (CC3), and

CD3 after 1 and 3 days of co-culture with either

CD19 or 2173BBz CAR-T cells. Scale bar, 200 mm.

(B–D) Summary of quantifications of averaged

signal intensity of CD3 (B), CC3 (C), and averaged

EGFRvIII/EGFR signal intensity ratio (D) in GBOs

after co-culture with either CD19 or 2173BBz

CAR-T cells. Values represent mean ± SEM (n = 3;

***p < 0.001; two-way ANOVA with uncorrected

Fisher LSD test).

See also Figure S7 and Tables S1 and S2.
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an mTOR inhibitor with known brain penetration and is currently

used to treat subependymal giant cell astrocytoma (Krueger

et al., 2010). Treatment with everolimus (1 mM) in UP-7803-

GBOs, which had a PI3K mutation, exhibited a near complete

reduction of KI67+ cells (Figures 6L and 6M). Meanwhile, treat-

ment of UP-8017-GBOs,which had anEGFR alteration upstream

to both the RAS and PI3K pathways, had a partial reduction of

KI67+ cells (Figure 6M). In contrast, UP-7790-GBOs, which had

a mutation in the parallel RAS pathway, did not show any reduc-

tion (Figures 6L and 6M). The dichotomous treatment effect be-

tween PI3K and RAS pathway mutations was further explored

with measurement of individual GBO growth. Following an initial

1 week of drug exposure and subsequent 2 weeks in the normal

GBO media, mutation-specific resistance and treatment

response were also observed when measuring GBO size over

time (Figures S6F and S6G). Dose-response analysis with trame-

tinib exposure to UP-7790-GBOs demonstrated growth inhibi-

tion at �100 nM, while everolimus exposure diminished the size

of UP-7803-GBOs at�10 nM (Figure S6H). We further confirmed

the in vivo efficacy of trametinib treatment on reducing tumor cell

proliferation upon transplantation of UP-7790-GBOs recovered

from the biobank into the adult immunodeficient mouse brain

(Figures S6I–S6K).

Together, these results show that responses of GBOs derived

from different tumors to various drug treatments are heteroge-

neous, and the efficacy of targeted treatments is largely consis-

tent with the mutational status and pathway enrichment in

tumors. These results demonstrate the value of GBOs for rapid,

functional testing of personalized drug treatment responses.

Modeling Personalized CAR-T Immunotherapy
Using GBOs
Despite success in many blood cancers (June et al., 2018),

CAR-T cell immunotherapy in solid tumors has not been as effec-

tive and remains to be further developed (Newick et al., 2017).

Recently, the EGFRvIII variant commonly found in glioblastomas

has been targeted by CAR-T cells in clinical trials (Goff et al.,

2019; O’Rourke et al., 2017). Despite the ability of these
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EGFRvIII-specific CAR-T cells to pene-

trate tumors, treatment efficacy was un-

clear. Current in vitro models testing

CAR-T cell therapy for glioblastomas

generally lack the cellular heterogeneity
and maintenance of specific mutant antigens, such as EGFRvIII,

in prolonged cultures and often rely on overexpression of anti-

gens in tumor cells for testing (Johnson et al., 2015). To assess

the utility of our GBO model, which maintains cellular heteroge-

neity and endogenous EGFRvIII expression, in testing emerging

immunotherapies in glioblastomas, we co-cultured GBOs with

2173BBz CAR-T cells designed to react specifically with cells

expressing EGFRvIII (O’Rourke et al., 2017). CAR-T cells target-

ing CD19 for the B cell blood lineage were used as a control

(Porter et al., 2011). We tested CAR-T cell co-cultures with 6

GBO samples, including GBOs containing high (UP-8036) and

low (UP-8017) percentages of EGFRvIII+ cells and two pairs of

GBOs from subregional sampling of tumors in which one subre-

gion contained a high percentage of EGFRvIII+ cells (UP-7788-

PMS and UP-7884-F) and the other subregion did not

(UP-7788-ANT andUP-7884-T) as confirmed by immunostaining

(Figures 7A and S7A). GBOs were analyzed at 0, 24, and 72 h

after CAR-T cell addition for invasion and proliferation of

T cells, tumor cell death, and EGFRvIII antigen loss. Both

CD19 and 2173BBz CAR-T cells invaded all GBOs, but marked

expansion of CAR-T cells was observed only when 2173BBz

CAR-T cells were incubated with EGFRvIII+ GBOs (Figures 7A

and S7A). This was evidenced by an increased presence of

CD3+ T cells, many of which were KI67+ within GBOs (Figures

7B and S7B). This increased CAR-T cell expansion was accom-

panied by increased cleaved-caspase-3 signal and a decreased

ratio of EGFRvIII/EGFR signal intensity in GBOs (Figures 7A, 7C,

and 7D), suggesting that EGFRvIII+ cells were being targeted and

killed by 2173BBzCAR-T cells. To further support this notion, im-

munostaining for granzyme B, an effector of T cell killing (Shi

et al., 2000), revealed T cells filled with granules near apoptotic

EGFRvIII+ cells (Figure S7C). These granules often localized on

the side of the T cell closest to the EGFRvIII+ tumor cell. ELISA

for cytokines interleukin (IL)-2, TNF-a, and interferon (IFN)-g re-

vealed increases in their levels only in conditions where

2173BBz CAR-T cells were incubated with EGFRvIII+ GBOs,

suggesting antigen recognition and subsequent T cell activation

(Figure S7D). Many EGFR+ EGFRvIII� tumor cells persisted after
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3 days (Figures 7A and S7A), suggesting that the 2173Bbz

CAR-T cells are fairly specific to their target and are unable to

completely eradicate all tumor cells under our conditions.

Together, these results demonstrate the utility of GBOs for rapid

testing of antigen-specific CAR-T cell treatment responses with

the endogenous target in culture.

DISCUSSION

In contrast to previously reported cancer organoids that have

been generated from dissociated tumor cells mostly of epithelial

origin with added mitogens and Matrigel, our GBOs retain native

cell-cell interactions and are cultured in a defined medium

without exogenous EGF/bFGF or extracellular matrix. These

GBOs recapitulate the heterogeneity of their corresponding

parental tumors as evidenced by (1) histology illustrating similar

tissue architecture and cellular morphologies, (2) immunohistol-

ogy displaying the presence and continual generation of a similar

spectrum of diverse cell types, (3) RNA-seq showing mainte-

nance of similar transcriptomic signatures, (4) whole-exome

sequencing confirming the preservation of somatic variants

and CNVs at similar frequencies, and (5) single-cell RNA-seq

revealing the maintenance of different cell populations and their

gene expression profiles. Additionally, many GBOs recapitulate

specific elements of the tumor microenvironment, such as hyp-

oxia gradients, microvasculature, and immune cell populations.

By orthotopic transplantation of intact GBOs intomice, our xeno-

grafts displayed efficient engraftment with rapid and aggressive

infiltration. We further demonstrate the utility of GBOs by

showing that drug treatments and engineered CAR-T cells elicit

differential responses depending on tumor-specific mutations.

Our robust and rapid method for GBO generation with sufficient

throughput for targeted testing makes it possible to accelerate

personalized medicine efforts and influence clinical decisions.

We have also generated a live biobank of GBOs with diverse

mutational profiles as a resource for future biological studies

and therapeutic testing.

A Live Culture and Biobank of Organoids Recapitulating
Heterogeneity of Patient Tumors
One important feature of our organoid generation method is that

by avoiding single-cell dissociation, we preserve native cell-cell

interactions to enable GBO formation and expansion in the

absence of exogenous EGF/bFGF, serum and extracellular ma-

trix, which may help GBOs maintain properties similar to the

parental tumors. The use of a fully defined culture medium en-

hances the reproducibility of cultures (Gjorevski et al., 2016)

and facilitates its use in future clinical applications. Our GBOs

maintain relatively similar proportions of actively proliferating

cells as the corresponding parental tumors. Traditional tumor

cultures clonally select for highly proliferative cells in growth fac-

tor-rich media, reducing the proportion of the more slowly prolif-

erating and non-proliferating cells originally present within

parental tumors. These populations may play an important role

in glioblastoma pathogenesis and treatment resistance.

Organoid biobanks have been previously established for a

number of cancers, including pancreatic, liver, prostate, breast,

bladder, ovarian, and gastrointestinal cancers, but not yet for
glioblastomas (Bleijs et al., 2019). We provide a resource of

70 biobanked GBOs from different patients that captures major

genomic alterations associated with glioblastoma pathogenesis

(Figure S2; Table S1). Our optimized freeze-and-thaw methods

allow efficient recovery and continuous growth of GBOs that

maintain their resemblance to parental tumors and can efficiently

engraft and rapidly infiltrate upon transplantation into the adult

mouse brain. We provide detailed characterization for many of

these biobanked GBOs, including histology, RNA-seq, whole-

exome sequencing, and responses to different drugs and

CAR-T therapies (Table S2). As tumor collection andGBOgener-

ation is ongoing, this biobank will be a useful resource for future

biological studies and testing therapeutics for glioblastomas.

Clinically Relevant Timing
Given the short survival period after diagnosis for the majority

of glioblastoma patients, the timing of testing personalized treat-

ment strategies is critical. Compared to the variable efficacy and

prolonged generation time for tumor cell lines and PDX models,

our methodology is robust for generating patient-derived GBOs

from a wide range of glioblastomas within 1–2 weeks from the

initial surgical resection. This provides a timely platform with suf-

ficient throughput to test personalized treatment strategies

based on individual patient tumor characteristics. Future studies

can test the effectiveness of several therapeutic strategies with

GBOs from multiple tumor subregions before treatment initia-

tion. Given the heterogeneity of glioblastomas, in vitro testing

of various therapeutic optionsmay also help refine patient enroll-

ment in clinical trials. Our GBO transplantation model exhibits

rapid and aggressive infiltration phenotypes within one month

and can be used to test in vivo treatment responses in a timely

fashion.

Practical Limitations and Future Applications
While our GBOs resemble many features of their corresponding

tumors, themodel is not without its limitations. Optimal tumor tis-

sue acquisition relies on close coordination with the neurosur-

geon intra-operatively to ensure that viable tissue is resected

en bloc without cauterization. Close coordination with neuropa-

thology is also important to confirm the diagnosis and limit the

time span between resection and tissue processing, which is

critical for maximum reliability of GBO generation. Our ability to

maintain and expand GBOs over very long periods has been

variable, likely owing to both tissue quality and the diverse

composition and growth characteristics of tumors themselves.

In keeping with its more aggressive growth phenotype, the

vast majority (96.4%) of IDH1-WT tumors have resulted in plenti-

ful GBOs, but our limited experience with IDH1 mutant tumors

and recurrent tumors showed reduced success rates (66.7%

and 75.0%, respectively). Further optimization is likely required

to establish and propagate these cultures more efficiently.

Likewise, our methodology could be adapted and optimized to

culture organoids from other brain tumors, such as medulloblas-

toma or ependymoma. Routine in-depth characterization of all

tumors and GBOs as described in this study may be challenging

due to the variation in the initial tumor volume obtained and GBO

expansion rate, but ample tissue is usually available for basic

characterization and testing targeted therapies.
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We report the partial preservation of microvasculature and im-

mune cells in some GBOs, which may prove useful in better un-

derstanding the tumor microenvironment. However, we found

evidence of divergence from primary tumors over time with a

decreased abundance of vasculature and macrophage/micro-

glia populations and lower expression of immune-related genes

in GBOs. This is not unexpected as our culture conditions were

optimized to preserve tumor cell viability and growth, and resi-

dent immune cells have a limited lifespan and become diluted

without expansion. Future studies involving the immune micro-

environment would ideally be performed early after GBO estab-

lishment or after exogenous immune cell reconstitution (Neal

et al., 2018). Given the differential proliferation and death of

different cell populations in GBOs, the composition of cell types

could also drift overtime and it will be best to analyze soon after

GBOs are established.

Access to ongoing cultures of live glioblastoma tissue that

resemble the parental tumor provides a unique avenue for

many future applications. Viral barcoding labeling can be used

to trace the division behavior and clonal lineage of specific cell

subtypes within GBOs, which can be combined with single-cell

RNA-seq and bioinformatic approaches to infer lineage trajec-

tories. Our system should also enable the study of genetic and

transcriptional alterations by CRISPR-Cas9 genome editing,

small interfering RNA (siRNA) knockdowns, and overexpression

vectors, to gain mechanistic insight into glioblastoma pathogen-

esis. Our platform for drug testing may lead to new therapeutic

strategies. Our 3D GBO model additionally provides a platform

to test and optimize CAR-T therapies for solid tumors in vitro

before in vivo testing. Importantly, our GBOs recapitulate the

endogenous expression of antigens, allowing for a more accu-

rate assessment of CAR-T cell target reactivity, threshold for

responses, and specificity, as compared to models engineered

to overexpress specific antigens. Therapeutic testing can be

extended to GBO xenografts, which recapitulate tumor infiltra-

tion into the surrounding brain tissue. The effects of specific

drugs, immunotherapy, and/or radiation treatments on GBO

composition and regrowth capacity may provide insight into

treatment-resistant and recurrence-initiating tumor cell popula-

tions. Moreover, matched primary and recurrent parental/GBO

pairs may provide additional insight into more invasive and treat-

ment-resistant tumor cell populations.

In summary, our patient-derived GBOmodel recapitulates the

heterogeneity and key features of glioblastomas and has the

potential for timely testing of personalized treatment responses

and broad applications in basic and translational research of

glioblastomas.
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Adsorbed Secondary Antibody, Alexa Fluor 555

Thermo Fisher Scientific Cat# A-21432; RRID: AB_2535853

Donkey polyclonal anti-Goat IgG (H+L) Cross-
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Donkey polyclonal anti-Mouse IgG (H+L) Highly

Cross-Adsorbed Secondary Antibody,
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Highly Cross-Adsorbed Secondary
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Thermo Fisher Scientific Cat# A-21206; RRID: AB_2535792

Donkey polyclonal anti-Rabbit IgG (H+L) Highly

Cross-Adsorbed Secondary
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Donkey polyclonal anti-Rat IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa Fluor 488

Thermo Fisher Scientific Cat# A-21208; RRID: AB_2535794

Biological Samples

Human glioblastoma tissue Hospital of the University

of Pennsylvania

https://www.pennmedicine.org

Human blood samples Hospital of the University

of Pennsylvania

https://www.pennmedicine.org

Chemicals, Peptides, and Recombinant Proteins

1X RBC lysis buffer Thermo Fisher Scientific 00433357

2-Mercaptoethanol Thermo Fisher Scientific 21985023

Advantage 2 PCR Kit Takara Bio 639206

Advantage UltraPure PCR

deoxynucleotide mix

(10mM each dNTP)

Takara Bio 639125

Amphotericin B Thermo Fisher Scientific 15290026

B-27 Supplement (50X),

minus vitamin A

Thermo Fisher Scientific 12587010

Bovine serum albumin (BSA) Sigma-Aldrich Cat# B6917; CAS# 9048-46-8

Corn oil Sigma-Aldrich Cat# C8267; CAS# 8001-30-7

DAPI Sigma-Aldrich Cat# 10236276001; CAS# 28718-90-3

Dimethyl sulfoxide (DMSO) Sigma-Aldrich Cat# D2650; CAS# 67-68-5

DL-Dithiothreitol solution (1 M) Sigma-Aldrich Cat# 43816; CAS# 3483-12-3

Dulbecco’s Modified Eagle Medium/

Nutrient Mixture F-12 (DMEM/F-12)

Thermo Fisher Scientific 11320033

Dulbecco’s phosphate-buffered saline (DPBS),

calcium, magnesium

Thermo Fisher Scientific 14040133

Dulbecco’s phosphate-buffered saline (DPBS), no

calcium, no magnesium

Thermo Fisher Scientific 14190144

Dynabeads Human T-Activator CD3/CD28 for T Cell

Expansion and Activation

Thermo Fisher Scientific 11131D

EdU Abcam ab146186

Everolimus Santa Cruz Biotechnology Cat# sc-218452; CAS# 159351-69-6

EZ-Tn5 Transposase Lucigen TNP92110

Formaldehyde, 16%, methanol free, Ultra Pure Polysciences Cat# 18814-10; CAS#: 50-00-0

Gefitinib Santa Cruz Biotechnology Cat# sc-202166; CAS# 184475-35-2

Gelfoam Sponge Pfizer 031508

GlutaMAX supplement GIBCO 35050061

Hibernate A medium BrainBits HA

Human insulin solution Sigma-Aldrich Cat# I9278; CAS# 11061-68-0

IDT for Illumina Nextera DNA UD Indexes Set A Illumina 20027213

Illumina Exome Panel - Enrichment Oligos Illumina 20020183

ImmunoCult-XF T Cell Expansion Medium StemCell Technologies 10981

KAPA HiFi DNA Polymerase with dNTPs Kapa Biosystems KK2102

Maxi-Cure Super Glue Bob Smith Industries BSI-113

MEM Non-Essential Amino Acids Solution (100X) Thermo Fisher Scientific 11140050

MgCl2 (1M) Thermo Fisher Scientific AM9530G

Mouse on Mouse (M.O.M.) Blocking Reagent Vector Laboratories MKB-2213

N-2 Supplement (100X) Thermo Fisher Scientific 17502048

Neurobasal medium Thermo Fisher Scientific 21103049
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Nextera DNA Flex Pre-Enrichment

Library Prep and Enrichment Reagents

Illumina 20025523

Nuclease-Free Water (not DEPC-Treated) Thermo Fisher Scientific AM9937

Penicillin-Streptomycin (5,000 U/mL) Thermo Fisher Scientific 15070063

Polyethylene glycol solution, 40% Sigma-Aldrich P1458

Human Recombinant IL-2 StemCell Technologies 78036

RNA Clean & Concentrator 5 Zymo Research R1013

RNase Inhibitor, Murine New England Biolabs M0314S

RPMI 1640 medium Thermo Fisher Scientific 11875093

SDS (10% w/v) Fisher Scientific 50-751-7490

SMARTScribe Reverse Transcriptase Takara 639537

Sodium hydroxide solution (1 N) Sigma-Aldrich 1091371000

SPRIselect Reagent Beckman Coulter B23318

Sterile saline solution injection Midwest Veterinary Supply 193.74500.3

Sucrose Sigma-Aldrich Cat# S0389; CAS# 57-50-1

Temozolamide Santa Cruz Biotechnology Cat# sc-203292; CAS# 85622-93-1

Tissue Freezing Medium General Data 1518313

Trametinib Santa Cruz Biotechnology Cat# sc-364639A; CAS# 871700-17-3

Tris (1 M), pH 7.0, RNase-free Thermo Fisher Scientific AM9850G

Tris (1 M), pH 8.0, RNase-free Thermo Fisher Scientific AM9855G

Triton X-100 Sigma-Aldrich Cat# T9284; CAS# 9002-93-1

TRIzol reagent Thermo Fisher Scientific 15596026

TrueBlack Lipofuscin Autofluorescence Quencher Biotium 23007

Trypan blue stain, 0.4% Thermo Fisher Scientific T10282

TWEEN 20 Sigma-Aldrich Cat# P1379; CAS# 9005-64-5

VECTASHIELD Vibrance Antifade

Mounting Medium

Vector Laboratories H170010

Y-27632 StemCell Technologies Cat# 72304; CAS# 129830-38-2

Critical Commercial Assays

Bioanalyzer high sensitivity DNA analysis Agilent 5067-4626

Click-iT EdU Alexa Fluor 647 Imaging Kit Thermo Fisher Scientific C10340

DuoSet ELISA Ancillary Reagent Kit 1 R&D Systems DY007

EZ-PCR Mycoplasma test kit Biological Industries 2070020

Human IFN-gamma DuoSet ELISA R&D Systems DY285B-05

Human IL-2 DuoSet ELISA R&D Systems DY202-05

Human TNF-alpha DuoSet ELISA R&D Systems DY210-05

Hypoxyprobe Kit Hypoxyprobe HP1-100Kit

KAPA Library Quantification Kit for Illumina NGS Kapa Biosystems KK4835

Neural Tissue Dissociation Kit – Postnatal Neurons Miltenyi Biotech 130094802

NextSeq High Output v2 150 Cycles Illumina TG-160-2002

Qubit dsDNA HS Assay Kit Thermo Fisher Scientific Q33231

Quick-DNA Microprep Kit Zymo Research D3020

Deposited Data

Bulk RNA sequencing This paper GEO: GSE141947

Whole exome sequencing This paper GEO: GSE141947

Single-cell RNA sequencing This paper GEO: GSE141947

Single nuclei RNA sequencing of adult human brain Habib et al., 2017 https://doi.org/10.1038/nmeth.4407

Single nuclei RNA sequencing of adult human brain Lake et al., 2018 https://doi.org/10.1038/nbt.4038
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Experimental Models: Cell Lines

Glioblastoma organoid samples This paper Tables S1 and S2

Experimental Models: Organisms/Strains

NU/J Mus musculus, female The Jackson Laboratory Cat# 002019; RRID: IMSR_JAX:002019

Oligonucleotides

CDS Primer sequence: 50-
AAGCAGTGGTATCAACGCAGAGTACT30VN-30

IDT N/A

TSO Primer sequence: 50-
AAGCAGTGGTATCAACGCAGAGTACATrGrGrG-30

IDT N/A

LS PCR Primer sequence: 50-
AAGCAGTGGTATCAACGCAGAGT-30

IDT N/A

Software and Algorithms

Adobe Illustrator CC Adobe https://www.adobe.com/products/

illustrator.html; RRID:SCR_010279

Adobe Photoshop CC Adobe https://www.adobe.com/products/

photoshop.html; RRID:SCR_014199

ANNOVAR Wang et al., 2010 http://www.openbioinformatics.org/annovar/;

RRID:SCR_012821

avsnp150 Annovar http://annovar.openbioinformatics.org/en/latest/

bcl2fastq v.2.19.0.316 Illumina https://support.illumina.com/sequencing/

sequencing_software/bcl2fastq-conversion-

software.html; RRID:SCR_015058

BWA v.0.7.10 Li and Durbin, 2009 http://bio-bwa.sourceforge.net/;

RRID:SCR_010910

COSMIC v88 Sanger https://cancer.sanger.ac.uk/cancergenome/

projects/cosmic/; RRID:SCR_002260

dbNSFP35a Liu et al., 2016 https://sites.google.com/site/jpopgen/

dbNSFP; RRID:SCR_005178

dbSNP b146 Broad Institute https://www.ncbi.nlm.nih.gov/SNP/;

RRID:SCR_002338

DESeq2 v.1.22.2 Love et al., 2014 https://bioconductor.org/packages/release/

bioc/html/DESeq2.html; RRID:SCR_015687

Drop-seq tools v.2.1.0 Saunders et al., 2018 https://github.com/broadinstitute/Drop-seq

Enrichr Kuleshov et al., 2016 http://amp.pharm.mssm.edu/Enrichr/;

RRID:SCR_001575

Freebayes v1.2.0-4-gd15209e Garrison and Math, 2012 https://github.com/ekg/freebayes;

RRID:SCR_010761

GATK v.4.1.0.0 Broad Institute https://software.broadinstitute.org/gatk/;

RRID:SCR_001876

gnomAD Broad Institute http://gnomad.broadinstitute.org/;

RRID:SCR_014964

GraphPad Prism GraphPad Software https://www.graphpad.com/scientific-

software/prism/; RRID:SCR_002798

GRCh38 v 28 Genome Reference Consortium https://www.ncbi.nlm.nih.gov/assembly/

GCF_000001405.38

GRCh38 (exome) Broad Institute https://software.broadinstitute.org/

gatk/documentation/article?id=11010

IGV v2.4.14 Broad Institute https://www.broadinstitute.org/igv/;

RRID:SCR_011793

ImageJ NIH https://imagej.nih.gov/ij/; RRID:SCR_003070

Imaris Bitplane https://imaris.oxinst.com/packages;

RRID:SCR_007370
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inferCNV Broad Institute https://github.com/broadinstitute/infercnv

Manta v 1.5.0 illumina github Chen et al., 2016 https://github.com/Illumina/manta

MuTect v4.1.0.0 Broad Institute https://www.broadinstitute.org/

cancer/cga/mutect; RRID:SCR_000559

Picard v. 1.141 Broad Institute http://broadinstitute.github.io/picard/;

RRID:SCR_006525

R Project v.3.5.1 Open source https://www.r-project.org/;

RRID:SCR_001905

RefGenes Annovar https://www.refgenes.org/rg/;

RRID:SCR_003372

RStudio Open source https://rstudio.com/; RRID:SCR_000432

Rsubread v.1.32.2 Liao et al., 2019 https://bioconductor.org/packages/

release/bioc/html/Rsubread.html;

RRID:SCR_016945

SAMtools/BCFtools v1.9 Li et al., 2009; Li, 2011 http://samtools.sourceforge.net/

mpileup.shtml; RRID:SCR_005227

Seurat Stuart et al., 2019 https://github.com/satijalab/seurat;

RRID:SCR_007322

Small ExAX common variants Broad Institute http://exac.broadinstitute.org/

STAR v.2.6.1d Dobin et al., 2013 https://github.com/alexdobin/STAR;

RRID:SCR_015899

Strelka v.2.9.10 Kim et al., 2018 https://academic.oup.com/bioinformatics/

article-pdf/28/14/1811/16904379/

bts271.pdf; RRID:SCR_005109

SVA v.3.30.1 Leek et al., 2012 https://bioconductor.org/packages/release/bioc/

html/sva.html

RRID:SCR_002155

VarScan v2.3.9 Koboldt et al., 2012 https://sourceforge.net/projects/varscan/files/

RRID:SCR_006849

Vcflib GitHub https://github.com/vcflib/vcflib;

RRID:SCR_001231

VCFtools v 0.1.13 Danecek et al., 2011 http://vcftools.sourceforge.net/;

RRID:SCR_001235

Zen 2Blue Carl Zeiss https://www.zeiss.com/microscopy/

us/products/microscope-software/

zen-lite.html; RRID:SCR_013672

Other

Bioanalyzer 2100 Agilent G2939BA

C&B Metabond Quick Adhesive Cement System Kit Benco Dental 1681-343

Cell counting slides Thermo Fisher Scientific C10228

Countess II Automated Cell Counter Thermo Fisher Scientific AMQAX1000

Disposable pellet pestle Fisher 12-141-368

Fine Forceps - Curved/Serrated Fine Science Tools 11065-07

Forma Steri-Cult CO2 Incubator Thermo Fisher Scientific 3310

MACS SmartStrainer, 70 mM Miltenyi Biotech 130-098-462

MaxQ CO2 Plus Shaker Thermo Fisher Scientific 88881102

Microfluidic chips for drop-seq FlowJEM Custom order

NanoDrop 2000 Thermo Fisher Scientific ND-2000

NextSeq550 Illumina SY-415-1002

Pellet pestle cordless motor Fisher 12-141-361

Qubit 3 Fluorimeter Thermo Fisher Scientific Q33216

(Continued on next page)
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T100 Thermal Cycler Bio-rad 1861096EDU

TB Syringe (26 G x 3/8 in, 1 ml) BD Biosciences 309625

Vannas Spring Scissors - Curved/

3mm Cutting Edge

Fine Science Tools 15000-10
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Hongjun

Song (shongjun@pennmedicine.upenn.edu). There are restrictions to the availability of biobanked glioblastoma organoids due to the

lack of an external centralized repository for their distribution and our need to maintain the stock; however, biobanked organoids

generated in this study will be made available upon reasonable request following approval by an internal review board and comple-

tion of a Materials Transfer Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Subjects
The use of human brain tissue and peripheral blood samples was coordinated by the University of Pennsylvania Tumor Tissue/Bio-

specimen Bank following ethical and technical guidelines on the use of human samples for biomedical research purposes. Patient

glioblastoma tissue and peripheral blood samples were collected at the Hospital of the University of Pennsylvania after informed

patient consent under a protocol approved by the University of Pennsylvania’s Institutional Review Board. All patient samples

were de-identified before processing. A total of 58 patient cases (including recurrent cases) from both male and female subjects be-

tween the ages of 21-90 years old were included in the present study. Table S1 summarizes detailed epidemiological data for each

subject and histological data for each tumor provided by the Neurosurgery Clinical Research Division (NCRD) at the University of

Pennsylvania, and testing results for a panel of disease-associated genomic alterations (Agilent Haloplex assay, Illumina HiSeq2500),

fusion transcripts (Illumina HiSeq2500), and MGMT promoter methylation (PyroMark Q24, QIAGEN) provided by the University of

Pennsylvania Center for Personalized Diagnostics.

Animal Models
All animal procedures used in this study were performed in accordance with protocols approved by the Institutional Animal Care and

Use Committee of the University of Pennsylvania. Animals were housed at a maximum of five per cage with a 14-hour light/10-hour

dark cycle with food and water ad libitum. Female 4-8-week-old athymic nude (NU/J) mice (The Jackson Laboratory, RRID:

IMSR_JAX:002019) were used for all experiments and were randomly assigned to treatment groups. Animals were monitored at a

minimum of twice weekly for weight loss and were examined routinely for physical and/or neurological abnormalities.

METHOD DETAILS

Collection, Dissection, and Processing of Patient Glioblastoma Samples
Fresh surgically resected glioblastoma tissue was placed in sterile phosphate buffered saline and taken immediately to the University

of Pennsylvania Department of Pathology to confirm a preliminary diagnosis of high-grade glioma by the attending neuropathologist

(M.N.). In cases where a large amount of en bloc tissue was available, the tissue was sub-divided into anatomically distinct subre-

gions for analysis of intra-tumoral heterogeneity. After preliminary diagnosis of glioblastoma was confirmed, the tissue was distrib-

uted and placed in Hibernate Amedium (BrainBits) kept at 4�C. For reliable organoid generation it was imperative that the tissue was

processed immediately as a prolonged time between surgical removal and tissue processing reduced the reliability of GBO gener-

ation. The tissue was transferred to a sterile glass dish with H+GPSA medium containing Hibernate A, 1X GlutaMax (Thermo Fisher

Scientific), 1X PenStrep (Thermo Fisher Scientific), and 1X Amphotericin B (Thermo Fisher Scientific) for dissection under a stereo-

microscope (Zeiss) within a laminar flow biosafety cabinet. The amount of glioblastoma tissue received ranged from 0.5 to 2 mL in

volume. The resected tumors were minced into approximately 0.5 to 1 mm diameter pieces using fine dissection scissors (Fine Sci-

ence Tools) and washed with H+GPSA medium to remove cellular debris. Pieces containing substantial amounts of necrosis or sur-

rounding brain tissue were removed. Tumor pieces were incubated in 1X RBC lysis buffer (Thermo Fisher Scientific) under gentle

rotation for 10 minutes at room temperature to lyse the majority of contaminating red blood cells. RBC lysis buffer was aspirated,

and tumor pieces were washed with H+GPSA medium. Several tumor pieces were snap frozen for bulk RNA sequencing and whole

exome sequencing. For histological studies, several tumor pieces were placed directly in 4% methanol-free formaldehyde

(Polysciences) diluted in DPBS (Thermo Fisher Scientific) for 1 hour at room temperature under gentle rotation. After fixation, the tu-
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mor pieces were washed in DPBS and cryoprotected by overnight incubation in 30% sucrose (Sigma-Aldrich) in DPBS at 4�C. Tumor

pieces were placed in a plastic cryomold (Electron Microscopy Sciences) and snap frozen in tissue freezing medium (General Data)

on dry ice. Frozen tissue was stored at �80�C until processing.

Generation of GBOs from Resected Patient Glioblastoma Tissue
The remaining tumor pieces not set aside for RNA sequencing, whole exome sequencing, or histology were distributed in ultra-low

attachment 6-well culture plates (Corning) with 4 mL of GBO medium containing 50% DMEM:F12 (Thermo Fisher Scientific), 50%

Neurobasal (Thermo Fisher Scientific), 1X GlutaMax (Thermo Fisher Scientific), 1X NEAAs (Thermo Fisher Scientific), 1X PenStrep

(Thermo Fisher Scientific), 1X N2 supplement (Thermo Fisher Scientific), 1X B27w/o vitamin A supplement (Thermo Fisher Scientific),

1X 2-mercaptoethanol (Thermo Fisher Scientific), and 2.5 mg/ml human insulin (Sigma) per well and placed on an orbital shaker

rotating at 120 rpm within a 37�C, 5% CO2, and 90% humidity sterile incubator. Roughly 75% of the medium was changed every

48 hours by tilting the plates at a 45� angle and aspirating the medium above the sunken GBOs. Within the first week of culture,

the tumor pieces often shed cellular and blood debris making the medium slightly cloudy. The shedding soon ceased, and the tumor

pieces generally formed rounded organoids within 1-2 weeks, depending on tissue quality and patient-specific tumor growth char-

acteristics. The criteria for successful establishment of GBOs from a given patient’s tumor was that themicro-dissected tumor pieces

survived for 2 weeks, developed a spherical morphology, and continuously grew in culture. GBOs cultured for prolonged periods of

time (> 1 month) were routinely cut to �200-500 mm diameter pieces using fine dissection scissors to prevent substantial necrosis

within the center due to limited nutrient and oxygen diffusion. GBOs were sampled for RNA sequencing, whole exome sequencing,

and histology by the same methods as the corresponding parental tumor pieces.

GBO Growth Analysis
To measure the growth of GBOs over time, similarly sized GBOs (0.5 �1 mm diameter) were placed into individual wells of a 48-well

tissue culture plate with 300 mL of GBO medium per well. Images of individual GBOs were taken every week using a brightfield mi-

croscope and Zen software. The 2D projected area of each GBO was quantified in ImageJ by carefully outlining each GBO and

measuring the area within the outlined region. The 2D area at each time point was divided by the 2D area at time 0 to calculate a

growth ratio for each time point. Ten individual GBOs were measured for each GBO sample. GBOs recovered from the biobank

were cultured for 3 days before the start of analysis of GBO growth.

Tissue Processing and Immunohistology
Serial tissue sections (20 mm for GBOs and 35 mm for xenografted rodent brains) were sliced using a cryostat (Leica, CM3050S), and

melted onto charged slides (Thermo Fisher Scientific). Slides were dried at room temperature and stored at �20�C until ready for

immunohistology. For immunofluorescence staining, the tissue sections were outlined with a hydrophobic pen (Vector Laboratories)

and washed with TBS containing 0.1% Tween-20 (v/v). Tissue sections were permeabilized and non-specific binding was blocked

using a solution containing 10% donkey serum (v/v), 0.5% Triton X-100 (v/v), 1% BSA (w/v), 0.1% gelatin (w/v), and 22.52 mg/ml

glycine in TBST for 1 hour at room temperature. For rodent brain sections, mouse-on-mouse blocking reagent (Vector Laboratories)

was added to the blocking solution. The tissue sections were incubated with primary antibodies (see the Key Resources Table)

diluted in TBST with 5% donkey serum (v/v) and 0.1% Triton X-100 (v/v) overnight at 4�C. After washing in TBST, the tissue sections

were incubated with secondary antibodies (see the Key Resources Table) diluted in TBST with 5% donkey serum (v/v) and 0.1%

Triton X-100 (v/v) for 1.5 hours at room temperature. After washing with TBST, sections were incubated with TrueBlack reagent

(Biotium) diluted 1:20 in 70% ethanol for 1 minute to block autofluorescence due to lipofuscin and blood components. After washing

with DPBS, slides were mounted in mounting solution (Vector Laboratories), coverslipped, and sealed with nail polish.

Tissue dehydration, paraffin embedding, microtome sectioning, and standard H&E staining was performed by the University of

Pennsylvania Pathology Clinical Service Center. GBOs were fixed overnight in 4% methanol-free formaldehyde and stored in

70% ethanol at 4�C until ready for processing. GBOs and parental tumor samples were independently analyzed by an attending

neuropathologist (M.N.).

Confocal Microscopy and Image Processing
Tumor tissue, GBOs, and brain sections were imaged as z stacks using a Zeiss LSM 810 confocal microscope or a Zeiss LSM 710

confocal microscope (Zeiss) using a 10X, 20X, 40X, or 63X objective with Zen 2 software (Zeiss). Images were analyzed using

either Imaris 7.6 or ImageJ software. Images were cropped and edited using Adobe Photoshop (Adobe) and Adobe Illus-

trator (Adobe).

Detection of Hypoxia Gradients in GBOs
GBOs were incubated in GBO medium containing 200 mM pimonidazole-HCl (Hypoxyprobe) for three hours on an orbital shaker

rotating at 120 rpm within a 37�C, 5% CO2, 90% humidity sterile incubator and processed for immunohistology as described

(Varia et al., 1998). Mouse anti-pimonidazole monoclonal antibody (Hypoxyprobe) was used to detect bound pimonidazole.
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EdU Pulse-Chase in GBOs
GBOs were incubated in GBO medium containing 1 mM EdU (Thermo Fisher Scientific) for one hour on an orbital shaker rotating at

120 rpmwithin a 37�C, 5%CO2, 90% humidity sterile incubator. GBOs were fixed and processed for immunohistology at 1-hour and

2-week time points. EdU incorporation was detected using Click-iT EdU Alexa Fluor 647 kit (Thermo Fisher Scientific)

(Berg et al., 2019).

Biobanking and Recovery of GBOs
Within one month of culture, GBOs were cut into approximately 100 mm diameter pieces, washed with GBO medium to remove cell

debris, and incubated with GBO medium supplemented with 10 mM Y-27632 (StemCell Technologies) for 1 hour. GBOs were resus-

pended in GBO freezingmedium comprised of GBOmedium supplementedwith 10 mMY-27632 and 10%DMSO (Sigma) and placed

in cryovials (Thermo Fisher Scientific) with 20 GBOs per vial. GBOs were kept in the cryovials with GBO freezing medium for

15minutes at room temperature to allow the DMSO to better penetrate the core before slowly being cooled to�80�Cusing a CoolCell

freezing container (Thermo Fisher Scientific) placed in a �80�C freezer. Frozen GBOs were placed in a liquid nitrogen tank for long-

term storage. For recovery, vials were quickly thawed in a 37�Cwater bath, and GBOswere placed in a 50mL conical tube. Ten ml of

GBOmedium containing 10 mMY-27632 was added dropwise while vigorously swirling the tube to slowly dilute the DMSO. The me-

dium was aspirated and GBOs were cultured overnight in GBO medium supplemented with 10 mM Y-27632. The medium was

replaced with GBO medium without Y-27632 the next day. GBO pieces generally rounded up and were ready for experimentation

within 1-2 weeks. All biobanked GBOs were confirmed free of Mycoplasma, Acholeplasma, and Spiroplasma with a detection limit

of 10 CFU/ml by targeted PCR (Biological Industries).

Solid Tumor Sequencing Panel
The solid tumor sequencing panel was performed by the University of Pennsylvania Center for Personalized Diagnostics. Genomic

DNA was extracted from fresh solid tumor specimens. Sequence analysis was performed on a panel of 152 genes: ABL1, AKT1*,

AKT2, AKT3*, ALK*, APC, AR*, ARAF*, ARID1A, ARID2, ATM, ATRX, AURKA, BAP1, BRAF*, BRCA1*, BRCA2, BRIP, BTK*, CREBBP*,

CCND1, CCND2, CCND3, CCNE1,CDH1, CDK4, CDK6, CDKN2A, CHEK2*, CIC, CRKL, CSF1R, CTNNB1*, DAXX, DDR2*, DNMT3A,

EIF1AX, EGFR*, EP300, EPHA3, ERBB2*, ERBB3, ERBB4, ERCC2, ERG, ESR1*, ESR2, EZH2, FBXW7, FGF3, FGFR1, FGFR2,

FGFR3, FGFR4, FLT3, FUBP1, GATA3, GNA11*, GNAQ*, GNAS, HRAS*, H3F3A, IDH1*, IDH2*, IGF1R, JAK1, JAK2, JAK3,

KDM5A, KDM5C, KDM6A, KDR*, KIT*, KMT2C, KRAS*, MAP2K1*, MAP2K2, MAP2K4, MAPK1, MAPK3, MAX, MCL1, MDM2,

MDM4, MED12, MEN1, MET*, MITF, MLH1, MRE11A, MSH2, MSH6, MTOR, MYC, MYCN, NBN, NF1, NF2, NKRT1, NKRT2,

NKRT3, NKX2-1, NOTCH1, NOTCH2, NOTCH3, NRAS*, PAK1, PALB2, PBRM1, PDGFRA*, PIK3CA*, PIK3CB, PIK3R1, PTCH1,

PTEN, PTPN11, RAB35, RAC1, RAD50, RAD51, RAD51B, RAD51C, RAD51D, RAF1, RB1, RET*, RHOA, RNF43, SETD2, SF3B1,

SLIT2, SMAD4, SMARCA4, SMO, SPOP, SRC, STAG2, STK11, SUFU, SUZ12, SYK, TET2, TGFBR2, TP53, TRAF7, TSC1, TSHR,

TSC2, U2AF1, VHL, WT1, and XRCC2. Targeted analysis for variants in the regions specified in this testing panel was achieved

by enrichment of those genomic loci using a custom Agilent Haloplex assay. The library preparation included unique molecular iden-

tifiers to identify duplicate reads. Sequencing of enriched libraries was performed on the Illumina HiSeq 2500 platform using multi-

plexed, paired-end reads. Analyses and interpretation were performed using a customized bioinformatics pipeline, Halo_v1.2. All

variants were annotated with reference to the hg19 Genome build. Variants were reported according to HGVS nomenclature and

classified into 3 categories: disease-associated variants, variants of uncertain significance, and indeterminate. Variants internally

classified as benign were not listed in the report. Variants determined to be clinically relevant but failing to meet technical reporting

criteria were categorized as indeterminate. The lower limit of detection for single nucleotide variants (SNVs) and small insertions or

deletions (indels) was established for this assay at 2% variable allele frequency. Categorization of variants was dependent uponmul-

tiple criteria, including (but not limited to) literature review and the presence of the variant in publicly available databases including

dbSNP, COSMIC, gnomAD, and the 1000 genome project. Copy number gain was inferred from this assay by increased read depth

of the targeted regions which are designated above with an asterisk. Because analysis was conducted on a single piece of tissue, the

results of this assay may not be representative of the entire tumor.

Fusion Transcript Panel
The fusion transcript panel was performed by the University of Pennsylvania Center for Personalized Diagnostics. RNAwas extracted

from formalin fixed paraffin embedded (FFPE) tumor tissue and reverse transcribed into cDNA allowing direct detection of normal and

variant gene expression. PCR primers were designed to capture exons within transcripts of the following genes: AKT1, ALK, AXL,

BCOR, BRAF, CALCA, CAMTA1, CCNB3, CCND1, CIC, EGFR, EML4, EPC1, ERBB2, ERG, ESR1, EWSR1, FGFR1, FGFR2,

FGFR3, FOXO1, FUS, GLI1, HMGA2, JAZF1, KRT20, KRT7, MEAF6, MET, MKL2, NCOA2, NRG1, NTRK1, NTRK2, NTRK3, PDGFB,

PIK3CA, PLAG1, PMS2, PPARG, PTH, RAF1, RET, ROS1, SLC5A5, SS18, STAT6, TAF15, TCF12, TERT, TFE3, TFG, THADA,

TMPRSS2, USP6, and YWHAE. In addition, exons in internal housekeeping genes CHMP2A, GPI, RAB7A, and VCP were included

as quality controls. The design of the panel was based on the literature at the time of development and the target regions were

selected to include the most common fusion points of the specified genes. Sequencing of PCR-enriched libraries was performed

on the Illumina HiSeq platform using multiplexed, paired-end reads. Analysis and interpretation utilized a customized bioinformatics

pipeline, Archer_v6.0.3.2. All variants listed are with reference to the hg19 Genome build. The Archer Analysis 6.0.3.2 Software
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(ArcherDX, Inc.), was used to process the data and identify normal and abnormal reads. Because analysis was conducted on a single

piece of tissue, the results of this assay may not be representative of the entire tumor.

MGMT Promoter Methylation Assay
The MGMT promoter methylation assay was performed by the University of Pennsylvania Center for Personalized Diagnostics.

Genomic DNA was extracted from FFPE tumor tissue and underwent bisulfite conversion followed by amplification with primers

to target DMR2 of the MGMT (O-6-methylguanine-DNA methyltransferase) promoter, including 4 CpG sites (chr10:131,265,519-

131,265,537; hg19 Assembly). Using pyrosequencing (PyroMark Q24, QIAGEN), the PCR product was evaluated to assess for

percent methylation across the 4 CpG sites. The result was considered positive when the mean and median percent methylation

across the 4 interrogated CpG sites was greater than or equal to 10%, considered low positive when the mean and median level

of DNA methylation seen were either relatively low (above the limit of detection but below 10%) or highly variable across the

4 CpG sites, and considered not detected when the mean and median percent methylation across the 4 CpG sites were below

the limit of detection (4.5%). Appropriate positive and negative controls were included in each assay. Because analysis was conduct-

ed on a single piece of tissue, the results of this assay may not be representative of the entire tumor.

RNA Sequencing of Parental Tumors and Derived GBOs
In an effort to minimize variability due to sampling, we pooled 5-10 pieces of parental tumor tissue or GBOs into one sample for an-

alyses. They were snap-frozen on dry ice, and stored at �80�C until processing. Samples were homogenized in TRIzol (Thermo

Fisher Scientific) using a disposable pestle and handheld motor. RNA clean-up was performed using a Zymo Research Clean &

Concentrator kit after TRIzol (ThermoFisher) phase separation according to the manufacturers’ protocol. RNA concentration and

quality were assessed using a Nanodrop 2000 (Thermo Fisher Scientific).

Library preparation was performed as previously described with some minor modifications (Weng et al., 2017). About 100 ng RNA

in 3.2 mLwas combined with 0.25 mL RNase inhibitor (NEB) and 1 mL CDS primer (50-AAGCAGTGGTATCAACGCAGAGTACT30VN-30)
in an 8-well PCR tube strip, heated to 70�C, and immediately placed on ice. 5.55 mL RT mix, containing 2 mL of 5X SMARTScribe RT

buffer (Takara), 0.5 mL of 100 mM DTT (Millipore Sigma), 0.3 mL of 200 mM MgCl2 (Thermo Fisher Scientific), 1 mL of 10 mM dNTPs

(Takara), 1 mL of 10 mM TSO primer (50-AAGCAGTGGTATCAACGCAGAGTACATrGrGrG-30), 0.25 mL of RNase inhibitor (NEB), and

0.5 mL SMARTScribe reverse transcriptase (Takara) was added to the reaction. RT was performed under the following conditions:

42�C for 90 minutes, 10 cycles of 50�C for 2 minutes and 42�C for 2 minutes, 70�C for 15 minutes, and 4�C indefinitely. For cDNA

amplification, 2 mL of the RT reaction was combined with 2.5 mL of 10X Advantage 2 buffer (Takara), 0.5 mL of 10 mM dNTPs (Takara),

0.25 mL of 10 mM IS PCR primer (50-AAGCAGTGGTATCAACGCAGAGT-30), 19.25 mL nuclease free water (ThermoFisher), and 0.5 mL

Advantage 2DNAPolymerase (Takara). Thermocycling conditions were as follows: 94�C for 3minutes, 8 cycles of 94�C for 15 s, 65�C
for 30 s, and 68�C for 6minutes, 72�C for 10minutes, and 4�C indefinitely. Amplified cDNAwas purified using 0.8X SPRI beads (Beck-

man Coulter), eluted in 10 mL nuclease-free water, and quantified using Qubit dsDNA HS assay kit (Thermo Fisher Scientific). cDNA

was fragmented by combining 100 pg cDNA in 1 mL with 1 mL nuclease free water, 2X TD buffer (20 mM Tris, pH 8.0 (Thermo Fisher

Scientific), 10 mM MgCl2, and 16% PEG 8000 (MilliporeSigma), and 0.5 mL Tn5 (Lucigen). The mixture was heated to 55�C for

10 minutes, and the reaction was terminated upon the addition of 1.25 mL of 0.2% SDS (Fisher) and incubation at room temperature

for 10 minutes. Fragments were amplified by adding 27.75 mL nuclease free water (Thermo Fisher Scientific), 10 mL of 5X KAPA HiFi

Fidelity Buffer (Roche), 10mMdNTPs (Roche), 1 mL of 10mMNextera i7 primer, 1 mL of 10mMNextera i5 primer, and 2 mL KAPA HiFi

Polymerase (Roche). Thermocycling conditions were as follows: 72�C for 5 minutes, 95�C for 1 minute, 14 cycles of 95�C for 30 s,

55�C for 30 s, and 72�C for 30 s, 72�C for 1 minute, and 4�C indefinitely. DNA was purified twice with 0.8X SPRI beads (Beckman

Coulter) and eluted in 10 mL of 10 mM Tris, pH 8 (Thermo Fisher Scientific). Samples were quantified by qPCR (KAPA) and pooled

at equal molar amounts. Final sequencing library fragment sizes were quantified by bioanalyzer (Agilent) with an average size of

�350 bp, and concentrations were determined by qPCR (KAPA). Samples were loaded at concentrations of 2.2 pM, and sequenced

on a NextSeq 550 (Illumina) using 2x76 bp reads to an average depth of 25 million reads per sample.

Raw sequencing data were demultiplexed with bcl2fastq2 v.2.19.0.316 (Illumina) with adaptor trimming turned off. Alignment

was performed using STAR v.2.6.1d (Dobin et al., 2013) with the following additional parameters: –outFilterMatchNminOverLread

0.33–outFilterScoreMinOverLread 0.33–twopassMode Basic–chimSegmentMin 12–chimJunctionOverhangMin 12–alignSJDBover-

hangMin 1–alignMatesGapMax 100000–alignIntronMax 200000–chimSegmentReadGapMax 3–alignSJstitchMismatchNmax 5 �1

5 5–outSAMstrandField intronMotif–chimOutJunctionFormat 1. GRCh38 (gencode) was used as the reference genome, and gen-

code v.28 GTF was used as the annotation file. Multimapping and chimeric alignments were discarded, and uniquely mapped reads

were quantified at the exon level and summarized to gene counts using Rsubread (Liao et al., 2019). Counts were converted to units

of TPM, and batch correction was performed using SVA (Leek et al., 2012). Further analyses were performed in R v.3.5.1.

Pearson’s correlation coefficient was calculated across all genes that were detected in at least one sample in the final dataset. To

identify highly variable genes in the primary tumors, the coefficient of variation of the expression of each gene was modeled against

the mean expression in log10 scale using a LOESS regression. The top 10,000 genes with the greatest positive deviation from the fit

and a mean expression of greater than 1 TPM were selected.

Differential gene expression analysis (Figures S3D–S3F) was performed using the DESeq2 suite of analysis tools (Love et al., 2014).

Time course analysis was performed using the likelihood ratio test where the full model design was�Batch + Tumor + Time point and
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the reduced model design was �Batch + Tumor. Cutoffs for significance were set at Benjamini-Hochberg corrected p value < 0.01

and log2 fold change > 2. Gene ontology enrichment analysis was performed using Enrichr (Kuleshov et al., 2016). Regional sample

PCA analysis was also performed using the DESeq2 suite of tools, including VST transformation of raw counts and selection of the

top 100 most variably expressed genes for PCA analysis.

EGFRvIII transcripts were detected by RNA-seq and quantified by examining the number of exon 1 to exon 8 spanning reads

versus the number of exon 7 to exon 8 spanning reads (Brennan et al., 2013). 95% credible intervals were determined using a

beta distribution with a uniform prior.

Whole Exome Sequencing of Parental Tumors and Derived GBOs
At least 5-10 pieces of parent tumor or GBOs at 2 weeks were combined into one sample, snap-frozen on dry ice, and stored at

�80�C until processing. A 50 mL aliquot of whole blood obtained at the time of surgery was also snap-frozen on dry ice and stored

at�80�C until processing. DNA was extracted using the ZymoQuick-DNA Microprep Kit. DNA quality were assessed using a Nano-

drop 2000 (Thermo Fisher Scientific) and quantified using the Qubit high sensitivity dsDNA assay (Thermo Fisher Scientific). Exome-

seq libraries were prepared using the Nextera Flex for Enrichment kit (Illumina), Illumina exome panel oligos (Illumina), and IDT for

Illumina DNA UD set A index primers (Illumina) according to the manufacturer’s instructions. Genomic DNA inputs varied from 25

to 300 mg, and pre-enrichment samples were combined at equal amounts by mass in 9 or 10 plex pools for enrichment. Sequencing

library fragment sizes were quantified by bioanalyzer (Agilent), and concentrations were quantified by qPCR (KAPA). Samples were

combined into 18- or 19-plex equimolar pools with whole blood, corresponding parental tumor, and corresponding GBOcombined in

the same sequencing run, loaded at a concentration of 2.2 pM, and sequenced on aNextSeq 550 (Illumina) using 2x74 bp reads for an

average of 32 million reads per sample and an average target coverage of 47x.

Raw sequencing data were demultiplexed with bcl2fastq2 with adaptor trimming turned off. Alignment was performed using BWA-

MEM with default parameters and a GRCh38 reference genome kindly provided by the Broad Institute on a public GATK resource

FTP server (Li and Durbin, 2009). Pre-processing according to GATK best practices, including marking PCR duplicates and base

quality recalibration, was performed using Picard tools v.1.141 and GATK v.4.1.0.0. (DePristo et al., 2011; McKenna et al., 2010;

Van der Auwera et al., 2013). A database of known polymorphic sites was used from the GATK resource bundle based on dbSNP

build 146.

Somatic variants were identified using four different variant calling tools: Mutect2, Varscan2, Freebayes, and Manta/Strelka2. Mu-

tect2 was run with a panel of normals composed of the 11 samples used in this study, a population germline variant resource from

gnomAD (Broad Institute), and allele frequencies of variants not included in the germline resource set to 0.0000025 (Cibulskis et al.,

2013). GATK contamination detection was performed using a small ExAC reference provided by the GATK resource bundle, and

filtering was performed using default parameters. Varscan2 was run using default parameters, and somatic variants were filtered

for a p value < 0.05 and alternate allele frequency > 0.05 (Koboldt et al., 2012; Li et al., 2009). Freebayes was run in somatic

mode with the following additional parameters (Garrison and Math, 2012): -F 0.05–pooled-continuous–pooled-discrete. Variants

were filtered using vcflib by breaking multiallelic records into separate lines, identifying putative somatic variants by comparison

with the paired whole blood sample, filtering for variant calls where the QUAL field > 20, and filtering for variant calls where the

coverage was > 20. Prior to running Strelka2, Manta was used to call candidate somatic indels in exome mode across only the pri-

mary GRCh38 contigs (Chen et al., 2016). Then, Strelka2 was run in exome mode using identified candidate indels also across the

primary GRCh38 contigs to identify somatic variants (Kim et al., 2018). Somatic variants were filtered using default settings. VCFtools

was used for variant manipulations throughout these analyses (Danecek et al., 2011).

Identified somatic variants in the individual samples were called if identified by two or more variant calling tools using the above

described workflow. Variants identified in the parental tumor and corresponding GBOs were pooled to yield a final variant list. Allele

frequencies were queried at these sites in the parental tumors and corresponding GBOs using bcftools mpileup accepting anoma-

lous read pairs and disabling probabilistic realignment for base alignment quality calculation (Li, 2011). This approach of ‘‘recovering’’

variants is inspired by previous work in cancer organoids (Kopper et al., 2019). Annovar was used to annotate variants with the

following databases (Wang et al., 2010): RefGene (2017), dbNSFP35a (Liu et al., 2011, 2016), COSMIC v88 (Forbes et al., 2017), Clin-

Var (Landrum et al., 2016), and avsnp (based on dbsnp 150). Variants highlighted in Figure 3C come from a list of significantly mutated

genes from work by Brennan et al. (2013).

Copy number analysis was performed using the GATK4 pipeline. A target manifest was obtained from the exome panel supplier

(Illumina) in hg19 coordinates and lifted over to GRCh38 coordinates using Picard tools and a chain file fromUCSC genome browser.

Allosomal chromosomes were excluded and all whole blood samples were included in the construction of a panel of normals. Read

counts were quantified and denoised usingGATK. Allele counts were quantified over a set of genomic intervals defined by a subset of

gnomad snps provided in the GATK resource bundle. Genomic segments were modeled with the following additional parameters:

–number-of-smoothing-iterations-per-fit 1–number-of-changepoints-penalty-factor 5. Copy ratios were called and visualized using

IGV (Robinson et al., 2011). Copy ratios with a greater than 10%change andwith themost number of independent probes supporting

the call were summarized to chromosomal arms and shown in Figure 3C.
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Tissue Dissociation and Single-cell RNA Sequencing
Multiple tumor pieces and GBOs were dissociated using a papain-based neural tissue dissociation kit (Miltenyi Biotech). Crude dis-

sociates from parental tumor samples were treated with ammonium chloride based RBC lysis buffer (Thermo Fisher Scientific) for

5 minutes. All samples were washed three times by centrifugation at 200 g for 5 minutes and resuspension in 10 mL of calcium-

free, magnesium-free DPBS (Thermo Fisher Scientific). Cells were strained through a 70 mm filter (Miltenyi Biotech), analyzed for

viability by trypan blue staining, and counted using an automatic cell counter (Thermo Fisher Scientific). Samples had a viability of

> 80%andwere diluted to a final concentration of 100 viable cells/mL in DPBSwith 0.01%BSA (w/v). Single cell droplet encapsulation

and library preparation was performed using the drop-seqmethodwithminormodifications (Macosko et al., 2015). Microfluidic chips

were obtained from FlowJEM with plasma bonding and aquapel treatment using the same design as previously published. Each

droplet co-encapsulation run was performed with 50% additional reagent volume to account for syringe and tubing dead volume

as well as occasional microfluidic channel clogging and re-starts. Each sample was loaded onto 2-4 droplet generation runs, and

cell suspensions and droplets were kept on ice prior to droplet encapsulation and droplet breakage. In the cDNA PCR amplification

stage, between 4,000-8,000 beads were combined in a single PCR tube reaction and purified individually using 0.6x SPRI beads

(Beckman Coulter). cDNA across multiple runs of the same sample were pooled together and used as input for tagmentation, where

the tagment reaction timewas increased to 8minutes. Final samples were purified once with 0.6x SPRI beads and a second timewith

1.0x SPRI beads (Beckman Coulter). Sequencing library fragment sizes were quantified by bioanalyzer (Agilent), and concentrations

were quantified by qPCR (KAPA). Samples were pooled, loaded at 2.2 pM, and sequenced on a NextSeq 550 (Illumina) with a 20 bp

Read 1 and 64 bp Read 2. The custom Read 1 primer was spiked into the usual Illumina sequencing primer well (#20) at the manu-

facturer’s recommended concentration.

Raw sequencing data was demultiplexed with bcl2fastq2 (Illumina) with adaptor trimming turned off. Additional processing was

performed using drop-seq tools v.2.1.0 with GRCh38 as the reference genome, and gencode v.28 GTF was used as the annotation

file (Saunders et al., 2018). Seurat v3.1 was used to analyze the scRNA-seq data (Stuart et al., 2019). Cells with > 400 unique genes

detected, < 5,000 genes detected, and < 25%mitochondrial reads were retained for further analysis. Standard pre-processing pipe-

lines, including normalization and scaling, were followed without additional modifications. Clustering and UMAP dimensionality

reduction were performed based on empirically selected PCs.

For CNA analysis, inferCNV was used (Patel et al., 2014; Tirosh et al., 2016; Venteicher et al., 2017) on each patient sample indi-

vidually with microglia/macrophages and T cells set as references (Figure S4A). Non-neoplastic cells were identified by the expres-

sion of classical markers. Microglia/macrophages were further sub-setted for detailed analysis. Expression of genes associated with

microglia ormacrophages (Darmanis et al., 2017) was calculated using the AddModuleScore function in Seurat with bin size set to 10.

Enrichment of macrophage versus microglia gene expression was taken as the difference between the gene signature expressions.

To compare the parental tumor and derived GBOs at 2 weeks, gene expression within clusters were averaged and compared by

calculating the transcriptome-wide Pearson correlation. Hierarchical clustering was performed using Euclidian distances of correla-

tions to the primary tumor. Cluster specific marker expression was determined using the Wilcoxon rank sum test. For comparison

with normal brain cell types, two single-nuclei RNA-seq datasets of normal adult human cerebral cortex were retrieved from public

repositories (Habib et al., 2017; Lake et al., 2018). These datasets were selected because they were generated using adaptations of

the drop-seq platform and were expected to best match the technical characteristics of our single-cell RNA-seq data. Annotated

granule, CA1, and CA3 neurons were excluded, and all other neuron types were combined as one large neuronal population in

the downstream analysis. Differential gene expression was performed using the FindAllMarkers function in Seurat with a log fold-

change threshold of 0.1 and a minimum percent expressed threshold of 0.1. The top 100 marker genes based on adjusted p value

were selected for each cell type. Gene enrichment was calculated from these marker gene lists in the GBO single-cell RNA-seq data

using the AddModuleScore function with the number of bins set to 10 and averaged across all cells in each GBO cluster.

Digital PCR for EGFR and EGFRvIII Transcripts
Primers and minor groove binder (MGB) probes for WT EGFR and EGFRvIII were designed. The WT EGFRMGB probe was fluores-

cently labeled with 6-FAM and the EGFRvIII MGB probe was fluorescently labeled with 6-FAM or VIC. Gene copies per ml were

normalized with the VIC labeled internal reference control RNase P (Thermo Fisher Scientific) by running a parallel reaction on the

same chip with either FAM labeledWT EGFR or EGFRvIII reaction mix. The Digital PCR reactions were carried out using Quantstudio

3D digital PCRmaster mix V2 (Applied Biosystems) following the manufacturer’s instructions. The chips were loaded onto a Thermal

cycler (ProFlex PCR system, Applied Biosystems) and each individual chip was read on a chip reader (Quantstudio 3D Digital PCR

Instrument, Applied Biosystems). For each chip, the instrument generated a single.eds file that contained the processed imaged data

and the results frompreliminary analysis on the instrument. The data were then transferred onto the Thermo Fisher Scientific cloud for

further analysis by the software. Tumor samples and GBOs were analyzed for WT EGFR and EGFRvIII. For every tumor and GBO

sample, two chips were run separately with the same concentration of cDNA containing EGFRvIII primers with RNaseP (VIC labeled)

and probe for WT EGFR (FAM labeled), respectively. WT EGFR and EGFRvIII copies per ml were normalized with RNaseP (internal

control). Amplified EGFR was considered positive if the ratio of WT EGFR to RNaseP was R 1.5. EGFRvIII is considered positive

if vIII % is R 10%.
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Animals and Orthotopic Transplantation of GBOs
Orthotopic transplantation of GBOs was performed using a method described for brain organoid transplantation into immunodefi-

cient mice (Mansour et al., 2018). Mice were induced into anesthesia with 5% and maintained with 2% isoflurane in oxygen. An

approximately 1 mm2 craniotomy above the right cerebral cortex at the intersection between the sagittal and lambdoid sutures

was performed using a micromotor drill (Stoelting). After removing the meninges, the underlying brain tissue was aspirated using

a 23G blunt needle (Neta Scientific) to create a 1 mm3 cavity. Bleeding was controlled using Gelfoam (Pfizer) and sterile saline. A sin-

gle GBOwas transferred into the cavity and sealed by 3-mm coverslip and super glue (Bob Smith Industries), followed by application

of dental cement (Benco Dental) onto the surrounding skull area. Each transplanted GBO was approximately 1 mm in diameter and

consisted of roughly 1 million cells as determined by automated cell counting (Countess II, Thermo Fisher Scientific) of similarly sized

GBOs. Animalswereweighed twice aweek and euthanized immediately after weight loss and/or the onset of neurological symptoms.

Anesthesia by intraperitoneal injection of a lethal dose of ketamine, xylazine and acepromazine cocktail was performed. Mice were

transcardially perfused with cold 0.1 M phosphate buffer followed by cold 4% formaldehyde in 0.1 M phosphate buffer (pH 7.4).

Brains were carefully removed from the skull and fixed in 4% formaldehyde at 4�C overnight, washed with DPBS, and cryoprotected

in 30% sucrose (w/v) overnight at 4�C. Brains were placed in plastic cryomolds and snap frozen in tissue freezing medium (General

Data) on dry ice. Frozen brains were stored at �80�C until processing.

Radiation and Drug Treatment of GBOs
For radiation experiments, GBOs were irradiated at a total dose of 10 Gray (Gy) at a dose rate of 2.65 Gy/min using a Precision

XRAD320iX cabinet irradiator with 320 kV voltage, 12.5 mA current, and 50 source to surface distance (SSD). For drug experiments,

GBOs were cultured for a week in GBO medium containing either 50 mM temozolomide (Santa Cruz Biotechnology), 5 mM gefitinib

(Santa Cruz Biotechnology), 1 mM trametinib (Santa Cruz Biotechnology), 1 mM everolimus (Santa Cruz Biotechnology), or DMSO

vehicle on an orbital shaker rotating at 120 rpm within a 37�C, 5% CO2, and 90% humidity sterile incubator. Media containing fresh

drug was replaced every 48 hours. Different batches of GBOs were used for different treatment experiments (See Table S6 for their

ages in culture). For a given treatment, GBOs were treated in triplicate and quantified for DAPI and KI67 immunohistology. Samples

were subsequently stratified based on a statistically significant reduction in the percentage of KI67+ nuclei for gene expression

analyses. Gene Set Enrichment Analysis (Subramanian et al., 2005), based on normalized expression value (TPM) from RNA-seq

of pretreatment GBOs and parental tumors, was performed using GenePattern from the publicly available Broad Institute Servers

(cloud.genepattern.org).

GBO size experiments were performed utilizing biobanked samples that were recovered for a minimum of 2 weeks prior to use.

GBOs of similar size were placed in individual wells of a 24-well plate in 1mL of GBOmedia containing drug or vehicle control. Similar

to GBO growth analyses, images of individual GBOs were taken on a weekly basis using a brightfield microscope and Zen software.

The 2D projected area of each GBO was quantified in ImageJ by manually outlining each GBO and measuring the area within the

outlined region. GBO size was calculated as the ratio of the measured 2D projected area at each time point to the measured 2D

area at time point 0. Analysis was done in the form of growth over time following 1 week of drug exposure of 1 mM trametinib (Santa

Cruz Biotechnology), or 1 mM everolimus (Santa Cruz Biotechnology) and subsequent growth for 2 additional weeks in normal GBO

media. GBO growth was also analyzed in the form of dose response with serial dilutions of trametinib and everolimus ranging from

0.1 nM to 1000 nM with GBO size measurement after 1 week of drug exposure.

For in vivo drug treatment experiments, UP-7790-GBOs were recovered from the biobank and cultured in vitro for 14 days before

xenografting individual organoids into female adult athymic nude (NU/J) mice. At 14 days after xenograft, mice were randomized into

treatment groups and given daily intraperitoneal injections of either vehicle (10% DMSO, 90% corn oil) or trametinib (3 mg/kg) for

12 days. Mice were weighed every other day to monitor animal health. Mice were given a single injection of EdU (10 mg/kg) 2 hours

before sacrificing. Xenografts were analyzed using immunohistology for proliferation (KI67 and EdU) and cell death (Cleaved-Cas-

pase-3). Quantifications were performed blind to the treatment groups.

Generation of CD19 and 2173BBz CAR-T Cells and GBO-CAR-T Co-culture
T cells were isolated from leukapheresis products obtained from de-identified healthy donors under a protocol approved by the Uni-

versity of Pennsylvania’s Institutional Review Board. T cells were stimulated with Dynabeads Human T-Activator CD3/CD28 (Thermo

Fisher Scientific) at a bead to cell ratio of 3:1 (first stimulation) and transduced with lentiviral vector coding CAR transgene. T cells

were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum, 20 mM HEPES, and PenStrep (Thermo Fisher Sci-

entific) and medium was replaced every 48 hours. The end of the first stimulation was determined by decreased log-phase growth

and reduced mean lymphocytic volume to 300-330 fl as measured on a Coulter Multisizer. This was usually reached 10 days after

stimulation, and the T cells were frozen down for functional assays or used for re-stimulation. The percentage of T cells expressing

CARs was determined by flow cytometry (LSR II, BD Biosciences) using biotinylated anti-human and anti-mouse antibodies for

2173BBz and CD19 CAR-T cells, respectively, with streptavidin-coupled PE. Data were analyzed using FlowJo software. In the cur-

rent study, T cells transduced with CD19 and 2173BBz CARs were 30% and 32% CAR+, respectively.

Vials containing frozen CD19 and 2173BBz CAR-T cells were recovered in ImmunoCult-XF T Cell Expansion Medium (StemCell

Technologies) with 100 units/ml of recombinant human IL-2 (StemCell Technologies). After 24 hours, the medium was replaced

with ImmunoCult-XF T Cell Expansion Medium without IL-2 and the T cells were cultured for an additional 48 hours. T cells were
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incubated with GBOs in ultra-low attachment 24-well culture plates (Corning) at a ratio of approximately one T cell for every ten GBO

cells (30,000 T cells and a single organoid in one well) with 1 mL of ImmunoCult-XF T Cell Expansion Medium per well. Cell counts

within GBOs were estimated by dissociating similarly sized GBOs from each patient followed by automated cell counting (Countess

II, Thermo Fisher Scientific Scientific). The plates were placed on an orbital shaker rotating at 120 rpm within a 37�C, 5% CO2, 90%

humidity sterile incubator. Co-culture experiments were performed for six GBO samples with triplicates for each condition. TheGBO-

CAR-T co-cultures were monitored by brightfield microscopy at 0, 1, 2, and 3 day time points with samples taken for immunohisto-

logical analysis at 0, 1 and 3 days.

Cytokine ELISA
For each experimental condition, 200 mL of mediumwas sampled at 0, 1, and 3-day time points after GBO-CAR-T co-culture from the

same well, snap frozen on dry ice, and stored at �80�C until ready for analysis. Displaced medium was replaced with 200 mL of

ImmunoCult-XF T Cell Expansion Medium to prevent concentration of cytokines. An ELISA was performed in triplicates on

10-fold diluted medium using human IL-2, IFN-g, and TNF-a DuoSet ELISA kits (R&D) and absorbances were recorded at 450 nm

using a microplate absorbance reader (BioRad). The absorbance value at 450 nm for the blank condition was subtracted from the

experimental values. Seven-point standard curves were used to calculate cytokine concentrations from absorbance values.

QUANTIFICATION AND STATISTICAL ANALYSIS

Studies were not blindedwith the exception for analysis of in vivo drug treatments. All statistical tests and sample sizes are included in

the Figure Legends and text. All data are shown as mean ± SEM. In all cases, the p values are represented as follows: ***p < 0.001, **

p < 0.01, *p < 0.05, and not statistically significant when p > 0.05. In all cases, the stated ‘‘n’’ value is either parental tumor pieces,

GBOs, or mice with multiple independent images used to obtain data points for each. No statistical methods were used to pre-deter-

mine sample sizes. For all quantifications of immunohistology, the samples being compared were processed in parallel and imaged

using the same settings and laser power for confocal microscopy. Immuno-positive cells were quantified manually using the cell

counter function in ImageJ (NIH). Images from the outer region of five organoids were used for quantification and compared to

healthy, non-necrotic regions from five different pieces of the parental tumors. Fluorescence intensity was quantified by outlining

the region of interest and using the measure function in ImageJ (NIH) to obtain the mean gray value for the marker of interest. To

quantify the number of migrated tumor cells, we created ‘‘spots’’ for each individual cell based on immunofluorescent staining for

human nuclear antigen, then drew ‘‘surfaces’’ by outlining the contour of the coronal brain section as well as initial graft site in Imaris

(Bitplane) based on aligned image stacks as previously described (Sun et al., 2015). For 3-D reconstruction, optical stacks of images

were serially aligned along the rostro-caudal axis using Reconstruct 1.1.0 (J.C. Fiala, NIH). The extent of infiltration was quantified

using STEM121 immunofluorescence. Concentric rings were drawn using ImageJ to measure the distance of the furthest infiltrated

cells from the margin of the initial graft site, and the scores were assigned as 0 (no infiltration), 1 (< 2 mm), 2 (2-4 mm) and 3 (> 4 mm).

All quantifications of cell counts were statistically analyzed using a Student’s t test performed usingGraphPad Prism (GraphPad Soft-

ware Inc). Statistical analysis of CD3, Cleaved-caspase-3, and EGFRvIII/EGFR fluorescent intensities and cytokine concentrations

by ELISAs was performed using two-way-ANOVA with uncorrected Fisher’s LSD test using GraphPad Prism.

DATA AND CODE AVAILABILITY

The access number for the RNA-seq, exome-seq and single-cell RNA-seq data reported in this study is NCBI GEO: GSE141947.
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Figure S1. GBOs and Biobanked Samples Retain Cellular Diversity of Parental Tumors as Shown by immunostaining, Related to Figure 2.

Shown are sample confocal images of immunostaining for neural progenitor, glial, and glioma stem cell markers (A) and cell death marker (Cleaved-Caspase-3/

CC3; B) for six additional parental tumors, corresponding GBOs and GBOs recovered from the biobank.

Biobanked GBOs (cryopreserved at 4 weeks after culture) were all examined at 2 weeks after recovery. Similar as in Figure 2A. See Figure 2B for quantification.

Scale bar, 50 mm.
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Figure S2. GBO Expansion, Efficacy of Generation, Long-Term Culturing, and Mutational Diversity, Related to Figures 1 and 2

(A-B) Continuous growth of GBOs over time. Shown in (A) are sample brightfield images of individual GBOs over a 4-week period. Scale bar, 500 mm. Shown in (B)

is the quantification of the ratio of themeasured 2D area at each time point to the 2D area at time point 0 of the sameGBO for 5 different samples. Values represent

mean ± SEM (n = 10 GBOs per sample).

(C) Quantification of percentages of micro-dissected tumor pieces that were successfully generated GBOs after 2 weeks of culture for different tumors. Values

represent mean ± SEM (n = 3 wells).

(D-E) Sample confocal images of immunostaining for neural progenitor, glial, and glioma stem cell markers showing the maintenance of parental tumor cell

populations in cultured GBOs up to 48 weeks and GBOs recovered from the biobank for UP-7788-PMS (D) and quantification of SOX2+, OLIG2+, and KI67+ cells

in three GBOs over long-term cultures (E; the same data for tumors, GBOs at 1, 2 and 4 weeks as in Figure 2B are replotted for comparison). Similar as in Figures

2A and 2B. Scale bar, 50 mm.

(F) Bar graph comparing the incidence of major mutations in glioblastomas from the TCGA dataset (Brennan et. al, 2013) to samples in our GBO biobank. Also see

Table S1 for a summary of mutations detected in our patient cases.



0

2

●●

●●
0
1
2
3

EG
FR

7788-ANT 7790

0 20

Secondary alcohol
biosynthetic process
Cholesterol biosynthetic
process
Sterol biosynthetic process
Inorganic anion transport

Neutrophil activation
involved in immune response

Neutrophil mediated immunity

Neutrophil degranulation

Inflammatory response

Cytokine-mediated
signaling pathway

10
20
40

Overlap (%)
0

3

1

2

Tumor 1 2 4 12

1

3

D
AP

IE
G

FR

7790
Tumor

7790
GBO 4W

7788-ANT
Tumor

-10 -5 0 5 10

80

60

40

20

0

RHOB
DUSP1

ZBTB16

FOS
PDZD2
KLF9

HBB
CD69 HSPA4L

EDA2R

PURPL

Log2 fold change (GBO vs. Tumor)

-L
og

10
 Q

 v
al

ue

GBO (week)

Tumor 1 2 4 12
GBO (week)

7788-ANT
GBO 4W

4

3

2

1

0

5

4

3

2

1

0

5

4

3

2

1

0

5

4

3

2

1

0

5

43210 5 43210 5 43210 5 43210 5

77
88

-P
M

S-
G

BO
 1

W
 

7788-PMS Tumor (Log10 (TPM))
77

88
-P

M
S-

G
BO

 2
W

 

77
88

-P
M

S-
G

BO
 4

W
 

77
88

-P
M

S-
G

BO
 1

2W
 

D

A

E F

B C

G

Down-regulated

Up-regulated

P value
(-Log10)

FKBP5

Lo
g 10

 (T
PM

)
Lo

g 10
 (T

PM
)

0

2

0

2

0

2

0

2

C
op

y 
ra

tio

7788-ANT Tumor 

7788-ANT-GBO

8017 Tumor 

8017-GBO

1 2 3

Chromosome

4 5 6 7 8 109 11 1312 15 2116 18 2014 17 19 22

CD69

HBB

RHOB

HSPA4L

Lo
g 10

 (T
PM

)

R=0.95 R=0.97 R=0.93 R=0.96

Figure S3. Bulk RNA-Seq and Exome Sequencing Analyses of Parental Tumors and Corresponding GBOs, Related to Figure 3

(A) Scatterplots comparing gene expression in UP-7788-PMS parental tumor and corresponding GBOs at 1, 2, 4, and 12 weeks in culture.

(B-C) Expression of EGFR in UP-7788-ANT and UP-7790 parental tumors and corresponding GBOs shown by RNA-seq (B) and immunohistology (C; Scale

bar, 50 mm).

(D-F) Differential expression between parental tumors and derived GBOs. Shown in (D) is a Volcano plot of differentially expressed genes (red) in the GBOs versus

in the corresponding parental tumors. The fold changes in gene expression compare the parental tumors and the corresponding GBOs at 12 weeks. Shown in (E)

are boxplots of expression of sample genes in the parental tumors and corresponding GBOs. Shown in (F) are bubble plots of enriched gene ontology biological

process terms in the down- and upregulated genes in GBOs compared to corresponding parental tumors.

(G) Sample copy number tracks of UP-7788-ANT and UP-8017 parental tumors and corresponding GBOs at 2 weeks from exome-sequencing. Ratio was

normalized to the corresponding blood sample.
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Figure S4. Single-Cell RNA-Seq Analyses of GBOs and Corresponding Parental Tumors, Related to Figure 4

(A) Plots of CNA analysis of parental tumors and derived GBOs. Macrophage/microglia and T cells in each sample were used as the non-neoplastic reference.

(B) UMAP plot of UP-8165-C and UP-8165-PV parental tumors and GBOs at 2 and 24 weeks colored by sample (left panel). The right panel shows the expression

of GPNMB. Note cells with high levels of GPNMB expression were only present in UP-8165-C tumor and derived GBOs, but not in UP-8165-PV tumor and

derived GBOs.

(C) UMAP plots of UP-8165-C and UP-8166-PV parental tumors and GBOs at 2 weeks colored by cluster. The same cluster number is listed in (D) and (F).

(D) Heatmap of gene expression Pearson correlation of clusters identified in UP-8165-C and UP-8165-PV parental tumors (rows) and GBOs at 2 weeks (columns)

with hierarchical clustering by euclidian distance.

(E) Heatmap of gene expression of cluster-specific markers in UP-8165-C and UP-8165-PVGBOswith columns corresponding to that of (D). See Table S4 for the

detailed list.

(F) Comparison of cell clusters in UP-8165C-GBOs and UP-8165PV-GBOs at 2 weeks (corresponding to that in D) with normal adult brain cells identified by

single-nuclei RNA-seq of human adult brains in Lake et al. (2018) (L, top panel) and Habib et al. (2017) (H, bottom panel) with marker gene enrichment analysis.

OPC: oligodendrocyte precursor cell.

(G) UMAP plot of UP-8167 parental tumors and corresponding GBOs at 2 and 24 weeks colored by sample.

(H) UMAP plots of UP-8167 parental tumors and corresponding GBOs at 2 weeks colored by cluster. The same cluster number is listed in (I) and (K).

(I) Heatmap of gene expression Pearson correlation of clusters identified in UP-8167 parental tumors (rows) and GBOs at 2 weeks (columns) with hierarchical

clustering by euclidian distance.

(J) Heatmap of gene expression of cluster-specific markers in UP-8167-GBOs with columns corresponding to that of (I). See Table S4 for the detailed list.

(K) Comparison of cell clusters in UP-8167 GBOs at 2 weeks (corresponding to that in I) with normal adult brain cells identified by single-nuclei RNA-seq of human

adult brains in Lake et al. (2018) (L, top panel) and Habib et al. (2017) (H, bottom panel) with marker gene enrichment analysis.
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Figure S5. Consistent Engraftment, Infiltration, andMaintenance of EGFRvIII Mutation Expression of Xenografted GBOs, Related to Figure 5

(A) Sample view of GBO transplantation into the adult mouse cortex with craniotomy followed by placement of an approximately 1-mm diameter GBO into the

aspirated cavity (white dashed square).

(B) MRI T1 post-contrast image with tumor satellites (arrow heads) from patient UP-7803.

(C) Sample confocal images of immunostaining for human-specific cytoplasmic antigen (STEM121) showing similar satellite phenotype in the whole brain section

(left) and zoomed-in inset (right) of UP-7803-GBO xenograft at 2 months post-transplantation. Arrows point to satellite-like infiltration. Scale bar, 100 mm.

(D) Sample confocal images of immunostaining of tumor cells in the original xenograft sites and the infiltrated areas of UP-7788-ANT, UP-7803, UP-8010 and UP-

8036 GBOs showing extensive vascularization from the host (Endoglin immunostaining) in the original xenograft sites, proliferation (KI67 immunostaining),

(legend continued on next page)



progenitor marker (SOX2, NESTIN immunostaining) and EGFR/EGFRvIII expression status at 2 months post-transplantation. Scale bar, 50 um. See Table S5 for

the age of GBOs used.

(E) Sample confocal images of immunostaining for STEM121 in xenografts of UP-7788-PMS and UP-7790 GBOs as well as their biobanked samples after re-

covery at 1 month post-transplantation displaying robust engraftment and maintenance of EGFRvIII mutation expression (inset). Scale bars, 100 um.
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Figure S6. Patient Treatment Responses, Gene Expression Pathway Enrichment Stratified by GBO Treatment Responses or Mutation

Status, Drug Treatment Responses Measured by GBO Size, and In Vivo Drug Treatment Responses, Related to Figure 6

(A-B) MRI T1 post-contrast images of the patient (UP-7788, A) treated with temozolomide and radiation following one month post-operative MRI scan. Note

reduction in volume of tumor recurrence following the treatment. Shown in (B) are MRI T1 post-contrast images of a patient (UP-7884) with two distinct tumor

regions treated with temozolomide and radiation following 1 month post-operative MRI scan. Note pseudoprogression in the frontal region and no recurrence in

the temporal region.

(C) Gene set enrichment analysis stratified by reduction in KI67+ cells following radiation and temozolomide treatment. Also see Table S6.

(D) Gene set enrichment analysis stratified by reduction in KI67+ cells following gefitinib treatment. Also see Table S6.

(E) Gene set enrichment analysis stratified by reduction in KI67+ cells following trametinib treatment. Also see Table S6.

(F) Sample brightfield images of individual GBO growth over time following 1 week of exposure of drug treatment (1 mM trametinib, 1 mMeverolimus, or vehicle) for

UP-7790-GBOs and UP-7803-GBOs and 2 subsequent weeks in the normal GBO media. Scale bars, 200 mm.

(G) Quantification of relative GBO size over time. Similar as in Figure 2F. Each line represents single GBO growth over time. Statistical significance noted on

legend compared to DMSO at equivalent time points by Student’s t test with different colors indicating different drug treatments (n = 6; **p < 0.01; ***p < 0.001;

n.s.: p > 0.05).

(H) Dose response analysis of UP-7790-GBOs to trametinib (top panel) and UP-7803-GBOs to everolimus (bottom panel) treatments. Low dose and High dose of

drug treatments were performed as separate experiments and separated by color with overlap in the DMSO control and 10 nM concentration. Each dot rep-

resents quantification of the ratio of the measured 2D area following 1 week of exposure of varying drug concentrations to the 2D area at time point 0 of the same

single GBO. Bar values represent mean ± SEM and statistical significance measured separately for each experiment in comparison to DMSO by Student’s t test

(n = 6; **p < 0.01; ***p < 0.001).

(I-K) In vivo trametinib treatment results in reduced cell proliferation within GBO xenografts. Shown in (I) is the schematic diagram of experimental procedure. UP-

7790-GBOs were recovered from the biobank and cultured in vitro for 14 days before xenografting individual organoids into the adult athymic nude mouse brain

as in Figure 5. At 14 days after xenograft, mice were randomized into treatment groups and were given daily intraperitoneal injections of either vehicle (10%

DMSO, 90% corn oil) or 3 mg/kg trametinib for 12 days. Mice were given a single injection of EdU (10 mg/kg) 2 hours before sacrificing for analysis. Shown in

(J) are sample immunostaining images of GBO xenografts from vehicle and trametinib treated mice for human nuclear antigen (huNA), KI67, EdU, and Cleaved-

caspase-3 (CC3). Scale bar: 50 mm. Shown in (K) are summary bar graphs displaying the percentage of huNA+ cells that were KI67+, EdU+, or CC3+ within GBO

xenografts. Values represent mean ± SEM (n = 5 animals per treatment group, **p < 0.01, ns: p > 0.05; Student’s t test).
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Figure S7. Modeling Immunotherapy with Co-culture of GBOs and CAR-T Cells, Related to Figure 7
(A) Sample confocal images of immunostaining of EGFR, EGFRvIII, Cleaved-caspase-3 (CC3) and CD3 in UP-8036 and UP-8017 GBOs after 1 and 3 days of co-

culture with either CD19 or 2173BBz CAR-T cells. Scale bar, 200 mm.

(B) Sample confocal images of immunostaining for CD3 and KI67 in UP-7788-PMS-GBOs after 24 hours of co-culture with either CD19 or 2173BBz CAR-T cells.

Scale bar, 100 mm.

(C) Sample confocal images of immunostaining for CD3, EGFRvIII, and Granzyme B in UP-7788-PMS-GBOs after 24 hours of co-culture with 2173BBz CAR-T

cells. Note the presence of activated and proliferating T cells near apoptotic EGFRvIII+ cells. Red arrows point to de-granulating T cells, blue arrows point to

mitotic T cells, and yellow arrows point to apoptotic EGFRvIII+ cells. Scale bar, 50 mm.

(D) Quantification of IL2, TNF-a, and IFN-g concentrations in media collected at 0, 1, and 3 days after co-culture of GBOs with either CD19 or 2173BBz CAR-T

cells by ELISA. Values represent mean ± SEM (n = 3; *p < 0.05; **p < 0.01; ***p < 0.001; two-way ANOVA with uncorrected Fisher LSD test).
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