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Introduction
Glioblastoma (GBM) is an aggressive and incurable ma-

lignancy (1). Single-cell genomic studies have highlighted 
extensive intratumor heterogeneity in GBM, providing a fun-
damental basis for the observed clinical challenges (2–6). 
Malignant GBM cells recapitulate at least four main cellular 
states: neural progenitor cell–like (NPC-like), oligodendro-
cytic progenitor cell–like (OPC-like), astrocytic-like (AC-like), 
and mesenchymal-like (MES-like; ref. 3). Importantly, these 
GBM cell subsets are thought to have varied functional con-
tributions to intratumor biology (3–5, 7–10). NPC-like and 
OPC-like cells are thought to be primarily responsible for 
brain invasion and electric interaction with the neuronal 
microenvironment (7, 10), whereas AC-like and MES-like cells 
form cancer cell interconnected microtube networks and 
further communicate with nonmalignant cells in the tumor 
microenvironment (TME; refs. 7, 9, 11, 12).

Deciphering the functional role of malignant cell hetero-
geneity in GBM requires scalable experimental models that 
faithfully recreate cell states and their interactions with the 
human TME and can be manipulated in the laboratory. 

Whereas patient-derived tumor xenografts are a corner-
stone of GBM modeling, these models are time- and labor- 
intensive and have limitations due to species mismatch (13). 
Conversely, in vitro cell cultures have enabled rapid and detailed 
studies in human models, but the lack of a structured neuro-
nal microenvironment limits their capacity to model complex 
interactions (14). Recently, multiple human organoid–based 
approaches for studying GBM have emerged to address these  
limitations. One approach has involved growing tumor organ-
oids from explant patient tissue; although these GBM organ-
oids initially retain remarkable fidelity to human tumors, 
they contain limited neuroglial cell types and are somewhat 
limited by interorganoid heterogeneity and by changes in the 
TME over passages (15, 16). A second approach has involved 
grafting GBM cells into independently derived human organ-
oids of neural origin (17, 18). Although important technical 
milestones have been achieved using this strategy, studies 
have focused on the characterization of malignant cell popu-
lations while providing limited characterization of the precise 
cellular compositions of the neural organoids and of the in-
teractions between GBM and the neural organoids (8, 19–24).

Glioblastoma (GBM) is characterized by heterogeneous malignant cells that are 
functionally integrated within the neuroglial microenvironment. In this study,  

we model this ecosystem by growing GBM into long-term cultured human cortical organoids that 
contain the major neuroglial cell types found in the cerebral cortex. Single-cell RNA sequencing analysis 
suggests that, compared with matched gliomasphere models, GBM cortical organoids more faithfully 
recapitulate the diversity and expression programs of malignant cell states found in patient tumors. 
Additionally, we observe widespread transfer of GBM transcripts and GFP to nonmalignant cells in 
the organoids. Mechanistically, this transfer involves extracellular vesicles and is biased toward  
defined GBM cell states and astroglia cell types. These results extend previous GBM organoid modeling 
efforts and suggest widespread intercellular transfer in the GBM neuroglial microenvironment.

Significance: Models that recapitulate intercellular communications in GBM are limited. In this 
study, we leverage GBM cortical organoids to characterize widespread mRNA and GFP transfer from 
malignant to nonmalignant cells in the GBM neuroglial microenvironment. This transfer involves extra-
cellular vesicles, may contribute to reprogramming the microenvironment, and may extend to other 
cancer types.
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In this study, we address these limitations and describe 
patient-derived GBM cells and their engraftment into long-
term cultured human cortical organoids (25) that have a 
reproducible, expanded, and well-characterized diversity of  
neuronal and glial subtypes, including astroglia. Direct com-
parison with patient-matched gliomasphere models suggests 
that GBM cortical organoid (GCO) models more faithfully 
recreate the spectrum of expression cell states observed in pa-
tient tumors. Single-cell genomic analysis of GCOs further 
reveals widespread transfer of endogenous malignant tran-
scripts to nonmalignant cells in the organoid microenvi-
ronment. This transfer is biased toward defined malignant 
GBM cell states and astroglia cell types and is mediated at 
least in part by extracellular vesicles (EV). Collectively, our 
results advance human GBM organoid models, reveal the 
prevalence, extent, and pattern of mRNA transfer in the GBM 
microenvironment, and may extend to other tumor organ-
oid models.

Results
Establishment of GCO Models

To develop GCO models, we engrafted GFP or tdTomato 
(tdT)-tagged patient-derived gliomaspheres into human cor-
tical organoids (after 4–6 months in culture; ref. 25) and al-
lowed the joint cultures to grow for 2 weeks after engraftment 
(Fig. 1A; “Methods”). At 4 to 6 months, human cortical or-
ganoids reproducibly present a diversity of neuronal and glial 
cell types found in the normal human cerebral cortex (25) 
while largely avoiding the neural degeneration seen with pro-
longed in vitro culture. By 2 weeks after implantation, GFP- 
labeled GBM cells efficiently infiltrated and colonized within 
human cortical organoids, forming classical structures, such 
as tumor microtubes and EVs (Fig. 1B). Using an orthogonal 
CellTracker labeling strategy for GBM cells, we observed long-
range and extensively interconnected dye-labeled networks 
just 4 days after implantation into cortical organoids (Fig. 1C; 
“Methods”). Together, these results highlight the extent to 
which malignant cells are readily integrated into the organoid 
microenvironment.

Single-Cell Genomics Characterization Shows 
Reproducible GCO Models

To comprehensively assess the cell-type and -state com-
position of the established GCO models, we dissociated the 
organoids and separately profiled FACS-purified GFP/tdT- 
positive (GFPpos) and -negative (GFPneg) cells using droplet- 
based single-cell RNA sequencing (scRNA-seq; Fig. 1A, D–G; 
Supplementary Fig. S1A). For each experiment, we dissoci-
ated an age/batch-matched nonengrafted cortical organoid 
as a negative control for setting reliable GFP/tdT FACS gates 
(Supplementary Fig. S1A). We retained 45,394 high-quality 
single-cell profiles across nine independent GCO models, 
combining different induced pluripotent or embryonic stem 
(iPS/ES) cell lines and tumor source cells (Fig. 1D and F; 
Supplementary Table S1). We robustly categorized cells as 
malignant or nonmalignant based on an established compu-
tational approach for inference of copy-number alterations 

(CNA) from single-cell profiles (26) using GFPneg nonma-
lignant cells as a CNA reference (Fig. 1E and H; Supplemen-
tary Fig. S1B). Across all models, GFPpos malignant cells 
grouped separately by patient in a low-dimensionality em-
bedding with Uniform Manifold Approximation and Projec-
tion (UMAP), whereas nonmalignant cells grouped by cell 
type and not individuals, as seen in previous single-cell stud-
ies (Fig. 1D-E, I; ref. 3).

The profiles of nonmalignant, cortical organoid–derived 
cells partitioned by major cortical cell classes and were an-
notated with an established cell type naming convention 
(25, 27) as corticofugal projection neurons, callosal pro-
jection neurons, intermediate progenitors, immature in-
terneurons, outer radial glia (oRG) and/or astroglia, and 
apical radial glia (Fig. 1I; Supplementary Fig. S1C and S1D; 
Supplementary Table S2). Although the cortical organoids 
used for model establishment were derived from three dif-
ferent human donor iPS/ES cell lines, all major cortical cell 
classes were broadly present across individual experiments 
and lines (Fig. 1I and J; Supplementary Fig. S1C and S1D; 
“Methods”), albeit with slight deviations in cell type repre-
sentation, likely due to the variable age of the cortical organ-
oids at the time of GBM implantation (within a 4–6 months 
range). These findings are consistent with previously de-
scribed maturation trajectories of cortical organoids over 
time (25).

Malignant Cell States in GCOs Mirror Human 
Tumors and Are Impacted by the Organoid 
Microenvironment

Examining the malignant compartment of GCO models, 
we analyzed 7,658 malignant cell profiles (by CNA-based clas-
sification) from the nine GCOs (Fig. 1D and E; Supplemen-
tary Table S1). We characterized the expression programs in 
these cells by first applying nonnegative matrix factorization 
(NMF) to the profiles from each model separately and then 
comparing the resulting programs across all established mod-
els, as previously described (Fig. 2A; Supplementary Fig. S2A; 
Supplementary Table S3; refs. 28, 29).

Six major programs recurred in two or more models  
(Fig. 2A), with direct mapping between the GCO programs 
and canonical GBM cell states from human tumors [Fig. 2A 
(bottom); ref. 3]. Overall, GCO models contained cell sub-
sets expressing an NPC-like program, AC-like program, two 
MES-like programs, a cell-cycle program, and an OPC-like 
program, the last of which had not been previously detected 
in the gliomasphere models that were used in the current 
study but was observed when those same cells were placed 
in the GCO context (Fig. 2B; Supplementary Fig. S2B), high-
lighting the strength of the GCO model.

We next examined the effect of the organoid microenvi-
ronment on malignant cell states by scoring individual ma-
lignant cells from each GCO and patient-matched in vitro  
gliomasphere model for the canonical human GBM programs 
(Fig. 2B; Supplementary Fig. S2B). For many of the models, 
the number of cells that were confidently assigned to one of 
the GBM states, as well as the magnitude of observed cell state 
scores of assigned cells, was significantly higher in the GCO 
context, suggesting that cortical organoids have the potential 
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Figure 1.  Establishment and cellular diversity of GCOs. A, Experimental schematic for establishment and scRNA-seq of GCOs. B, Confocal 
maximum intensity projection of GFP-tagged MGH143 GBM cells grown in 11A-derived cortical organoids. GFPpos cells are shown in green, with 
DAPI-stained nuclei in red. C, Confocal 3D image reconstruction of CellTracker dye-labeled MGH143 GBM cells allografted in cortical organoids. 
Dye-labeled cells are shown in green, with DAPI-stained nuclei in red. D–G, scRNA-seq: UMAP visualization of single cells from GCOs annotated 
by the (D) GCO model (defined by the GBM cell line), (E) CNA status, (F) iPS/ES stem cell line, and (G) GFP-sorting compartment. H, Inferred CNA 
profiles of malignant cells derived from GCOs. GFPneg nonmalignant cells were used as a reference. A representative population of GFPpos cells 
lacking malignant CNA signatures is annotated as an example. I, UMAP visualization of nonmalignant cells from 11A-derived (∼4–5 months old) and 
PGP1-derived (∼5–6 months old) GCOs. J, Bar plot showing the relative abundance of nonmalignant cell types across humanized GCO models for all iPS/ES 
stem cell lines. aRG, apical radial glia; CPN, callosal projection neurons; CFuPN, corticofugal projection neurons; DAPI, 4′,6-diamidino-2-phenylindole; IP, 
intermediate progenitors; oRG/astroglia, outer radial glia and/or astroglia.
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Figure 2.  Malignant cell states in GCOs. A, Programs of heterogeneity identified using NMF in malignant cells from GCOs. Top, annotation bars 
colored by the GBM cell line (top) or organoid-associated iPS/ES cell line (bottom). Middle, Heatmap shows relative expression of genes from six 
programs across all cells. Bottom, Heatmap shows relative scores of the canonical GBM cellular states, as defined previously [Neftel and colleagues (3)].  
B, Two-dimensional “star” representation of cellular states for malignant cells derived from the MGG23 GBM cell line. Each quadrant corresponds to 
one cellular state, as defined previously [Neftel and colleagues (3)]. Left, gliomasphere model. Right, GCO model, shown for each iPS/ES cell line used 
to generate cortical organoids. Colors correspond to states: OPC–green, NPC–blue, AC–yellow, MES–pink, and unclassified cells in gray. Bottom, Pie 
charts quantifying the cells in each state from the “star” plots. C, Boxplots quantifying GBM program scores in malignant cells across all human models, 
with comparison of patient-matched gliomaspheres (gray) or GCOs (colored). (****, P < 10−22 in comparisons by t test). D, Two-dimensional “star” repre-
sentation of cellular states for malignant cells derived from the MGH143 tumor/cell line. Colors correspond to states: OPC–green, NPC–blue, AC–yellow, 
MES–pink, and unclassified cells in gray. Left: Gliomasphere model, Middle: GCO model, Right: Patient tumor [Neftel and colleagues (3)]. Bottom, Pie 
charts quantifying the cells in each state from the “star” plots.
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to induce cell states that are more representative of those seen 
in human tumors (Fig. 2B and C; Supplementary Fig. S2B 
and S2C; P < 10−16, t test). Accordingly, we further found that  
malignant cells in the GCO143 model more closely resem-
bled tumor cell state scores from the originating (MGH143) 
patient tumor (3) compared with gliomasphere conditions 
(Fig. 2D; Supplementary Fig. S2D). Importantly, the GBM cell 
state composition in GCO23 models derived from three dif-
ferent human stem cell lines was comparable, highlighting 
that the GCO effect is not idiosyncratic to the originating 
iPS/ES cell line but reproducible across lines (Fig. 2B).

To further dissect the impact of the cortical organoid 
microenvironment on malignant cells, we identified differ-
entially expressed genes between patient-matched GCO and 
gliomasphere models grown in vitro (Supplementary Fig. S2E  
and S2F). Malignant cells in organoids most strongly up-
regulated neuronal genes, whereas malignant cells in gli-
omaspheres upregulated cell-cycle genes (Supplementary 
Fig. S2E and S2F). We further observed that eight of the nine 
GCOs had a reduction in the proportion of cycling cells com-
pared with patient-matched gliomaspheres (Supplementary 
Fig. S2G). These results are in line with neuronal states being 
more dependent on the microenvironment and possibly en-
riched in the infiltrative compartment of tumors (7). More-
over, the reduction of cycling cells in the organoid context 
would be analogous to human tumors, which typically have a 
lower percentage of cycling cells than observed for derived cell 
lines in vitro (30). Finally, we compared cortical organoids to 
cerebral organoids using a previously published dataset (23) 
and found that there was minimal qualitative difference in 
the extent and pattern of GBM cell state modeling (Sup-
plementary Fig. S2H).

GCOs Model a GFP Transfer Process from 
Malignant to Nonmalignant Cells

We next considered the nonmalignant compartment of 
GCOs. Because GBM cells stably expressed GFP/tdT (from 
lentiviral vectors) prior to implantation in unlabeled corti-
cal organoids, we anticipated that sorting cells by GFP/tdT  
expression would cleanly separate malignant and nonmalig-
nant populations. Whereas malignant cells were only found 
in the GFPpos compartment across all experiments, we were 
surprised to find a significant number of nonmalignant cells 
(defined by lack of CNAs and having nonmalignant expres-
sion profiles) in both the GFPneg and GFPpos compartments 
(Fig. 1D–G; Supplementary Fig. S1B). In particular, 14,625 of 
a total of 37,736 nonmalignant cells (38.8%) were defined as 
positive for GFP protein expression by FACS.

To better understand the origin of GFPpos nonmalignant 
cells, we compared the FACS profile of the MGG23-GFP/H1 
GCO to reference populations, including the unengrafted H1 
cortical organoid and the pure MGG23-GFP cell line (Fig. 3A; 
Supplementary Fig. S3A). The GCO had very-high–expressing 
GFPpos cells that were overlapping with the pure MGG23-GFP 
cell line, as well as a population of intermediate-expressing 
GFPpos cells that were distinct from the GFPneg H1 organ-
oid population used as a negative control. These results cor-
roborated the emergence of a de novo GFPpos population of 
cells in GCOs that likely represents nonmalignant cells.

We verified the presence of GFPpos nonmalignant cells  
using an orthogonal approach by counting the number of 
GFP/tdT lentiviral sequences in the single-cell transcriptomes 
from all GCOs (Fig. 3B and C; Supplementary Fig. S3B and 
S3C). In addition to malignant cells that had GFP transcripts 
detected at significantly higher levels than all nonmalignant 
cells (P < 10−16, t test), ∼17% of GFPpos nonmalignant cells 
(2,399/13,374) had detected GFP transcripts, whereas this 
was a much smaller fraction (0.43%) in GFPneg nonmalignant 
cells. This concordance between the protein (from FACS) and 
RNA (from scRNA-seq) levels eliminates the possibility that 
this population was due to either a sorting error or ambient 
RNA. Furthermore, we reproduced these results across mul-
tiple plate-based scRNA-seq (SMART-Seq2) assays, in which 
ambient RNA is far less prevalent (Supplementary Fig. S3C), 
further supporting our conclusions. Lower detection rates for 
the tdT transcripts prevented analogous validations of tdT 
transfer (Supplementary Fig. S3D).

As additional verification, we performed immunofluores-
cence confocal imaging in a mixed-species GCO model in 
which we engrafted GFP-labeled mouse (m005-GFP) GBM 
cells into human cortical organoids. We stained the tissue 
with an antibody labeling human-specific mitochondria and 
observed colocalization with GFP protein, providing further 
validation for GFP transfer from mouse malignant cells to 
nonmalignant human cells (Fig. 3D). Critically, the colocal-
ization was most pronounced in areas of low GFP expression, 
consistent with our previous results showing reduced GFP 
transcripts and protein in GFPpos nonmalignant cells com-
pared with GFPpos malignant cells (Fig. 3A–C).

We next explored whether malignant cells may be fusing 
with nonmalignant cells. We observed that the CNA profiles 
of GFPpos nonmalignant cells were indistinguishable from 
those of GFPneg nonmalignant cells and distinct from those 
of malignant cells from the same model (Fig. 1H; Supple-
mentary Fig. S1B). In line with this, GFPpos and GFPneg 
nonmalignant cells cluster closely together by their expres-
sion profiles, whereas malignant cells cluster separately 
(Fig. 1D–G). Thus, our findings suggest a biological process 
that involves a relatively small amount of material transfer 
from malignant to nonmalignant cells, whereby the overall 
identity of nonmalignant cells is unchanged in the short 
term. We then considered the cell type specificity of GFP 
transfer to nonmalignant cells. Although all nonmalignant 
cell types were implicated as “recipients” of GFP transfer in 
GFP-based models (Supplementary Fig. S3B, S3D, and S3E), 
the GFPpos compartment was relatively enriched in the 
oRG/astroglia population (Fig. 3E; P < 0.001, permutation 
test). This finding is concordant with astroglia functions in 
communication and molecular uptake in the brain and in 
synaptic microenvironments (31).

Widespread Transfer of mRNA Transcripts in GCOs
We next hypothesized that endogenous mRNAs, aside from 

GFP, may also be transferred from malignant to nonmalignant 
cells. To test this hypothesis, we leveraged our mixed-species  
experimental model (mouse GBM m005-GFP grown in human 
cortical organoids). We sorted cells into GFPpos and GFPneg 
populations and analyzed them by scRNA-seq. We aligned the 
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sequencing reads to a joint mouse and human transcrip-
tome, readily classifying mouse and human cells (Fig. 4A; 
Supplementary Fig. S4A). Cells with high read counts for 
both mouse and human genes were discarded as suspected 
doublets (see “Methods”), and the remaining cells were clus-
tered and visualized in a low-dimensionality UMAP embed-
ding (Fig. 4B). Mirroring our results from the all-human 
GCOs, the malignant mouse cells were only found in the 
GFPpos compartment, whereas the nonmalignant human 
cells were found in both the GFPpos and GFPneg compart-
ments (compare Fig. 4B to Fig. 1D–G). Moreover, we found 
a consistent spectrum of nonmalignant cell types across the 
mouse and human experiments [compare Fig. 1I to Fig. 4B 
(middle)].

We next quantified exogenous GFP transcripts and en-
dogenous mouse (mm10) transcripts in both the mouse 
and human cells (Fig. 4C; Supplementary Fig. S4B–S4D). 
As expected, we observed high GFP transcript levels in the 
mouse cells, followed by intermediate levels in the GFPpos 
human cells and minimal levels in the GFPneg human cells 
(Fig. 4C; P < 10−16, t test). The GFP transcript levels were 
highly correlated with mouse transcript detection. Thus, 
the GFPpos human cells had detection of mouse transcripts 
(P < 10−22, t test) at levels significantly higher than the GFPneg 
human cells but at lower levels than the mouse cells (Fig. 4C;  
Supplementary Fig. S4C and S4D). Together, these results 
show orthogonal validation of GFP transfer using a CNA- 
independent cell classification system and reveal that this 
transfer extends from GFP to a significant number of en-
dogenous transcripts.

We next explored the identities of endogenous transcripts 
transferred from malignant to nonmalignant cells, partic-
ularly in the context of the global malignant cell transcrip-
tome. Using the mouse (m005) GCO model (Supplementary 
Fig. S4E; Supplementary Table S4), we observed a highly 
positive correlation (R = 0.89; P < 10−16) between the expres-
sion levels of mouse genes in malignant mouse cells and their 
levels in GFPpos (but not GFPneg) human nonmalignant 
cells (Fig. 4D and E; Supplementary Fig. S4F). These results 
suggest that the transcripts transferred from malignant to 
nonmalignant cells reflect random sampling of the entire ma-
lignant transcriptome. Interestingly, these global trends were 
maintained when each of the nonmalignant cell types was 
considered individually (Supplementary Fig. S4F), indicating 
that the driving force for material transfer is largely intrinsic 
to the malignant cells.

We subsequently sought to evaluate whether transfer of the 
malignant transcriptome was also evident in the all-human 
GCOs. In contrast to the species-mixing experiments, in this 
case, we were unable to leverage a straightforward method 
for high-confidence identification of the cell type origin (e.g.,  
malignant vs. nonmalignant) for individual transcripts. We 
instead defined the set of 1,000 most malignant-enriched 
genes, compared with nonmalignant cortical organoid cells, 
and scored all nonmalignant cells for this malignant-enriched 
gene set (Fig. 4F and G). The GFPpos nonmalignant cells 
scored higher for this program compared with the analogous 
GFPneg cells (Fig. 4G; Supplementary Fig. S4G; P < 10−9 by 
t test). The magnitude of this change was expectedly subtle, 
given that the amount of material transfer seems to be small 

compared with the recipient cell transcriptome and that the 
malignant-enriched genes still have appreciable gene expres-
sion in the cortical organoid cells (Fig. 4A and F). Impor-
tantly, there was no difference in expression when examining 
all profiled genes between the GFPpos and GFPneg popula-
tions (Fig. 4G; Supplementary Fig. S4G). These data support 
that widespread transfer of the malignant transcriptome to 
recipient nonmalignant cells also occurs in all-human GCO 
models.

Finally, we considered whether mRNAs could be trans-
ferred from nonmalignant cells to malignant cells in GCOs. 
In this case, we lacked a marker (i.e., GFP in nonmalignant 
cells) to identify malignant cells that had received mRNAs 
from nonmalignant cells; however, we partially circumvented 
this limitation by reanalyzing the scRNA-seq results from the 
m005 species-mismatched model. Our analysis revealed that 
human transcripts were found in mouse malignant cells but 
at significantly lower levels compared with that of nonma-
lignant human cells, as expected (Supplementary Fig. S4H). 
The expression of human genes in the mouse malignant cells 
was correlated with their expression in the human organoid/
nonmalignant cells, similar to the expression of mouse genes 
in nonmalignant cells correlated to their expression in the 
mouse/malignant cells (Supplementary Fig. S4I). To under-
stand which malignant cells had higher levels of detected hu-
man genes, we further classified the malignant cells into GBM 
states (see “Methods” and Supplementary Table S4) and ex-
amined the number of detected human reads. We found that 
the OPC/NPC-like mouse malignant cells exhibited the high-
est levels of detected human genes (Supplementary Fig. S4J), 
suggesting preferential mRNA transfer based on cell state.

AC/MES-like Programs Are Enriched in GCO mRNA 
Transfer

To determine the potential biological significance of mRNA 
transfer to nonmalignant cells, we identified genes that 
were differentially expressed between GFPpos and GFPneg 
nonmalignant cells of each cell type across the full cohort of 
human GCOs (Fig. 4H; Supplementary Fig. S4K). GFPpos non-
malignant cells highly upregulated a distinct subset of genes, 
whereas there was no analogous subset of downregulated genes 
(Fig. 4H). The genes highly upregulated in GFPpos nonma-
lignant cells were strongly enriched for the GBM AC-like and 
MES-like expression programs compared with the NPC-like and 
OPC-like programs (Fig. 4H; Supplementary Fig. S4L). We ad-
ditionally calculated GBM program scores for all nonmalignant 
cell types and showed that AC-like and MES-like scores were 
increased across GFPpos nonmalignant cells, whereas NPC-like 
scores were decreased (Supplementary Fig. S4L and S4M).

We next considered the functional impact of AC/MES-like 
transcript transfer on nonmalignant cells. Given potential 
similarities between the AC/MES-like programs in GBM and 
nonmalignant reactive astrocyte programs, we scored nonma-
lignant cells for two canonical programs of astrocyte reactiv-
ity (32). We found that GFPpos oRG/astroglia had increased 
scores for both reactive astrocyte programs, suggesting a po-
tential functional remodeling of defined recipient cell pop-
ulations (Supplementary Fig. S4N), although determining 
causation remains challenging.
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Extracellular Vesicles Mediate Intercellular 
Transfer in GCOs

We hypothesized that EVs may be a mechanism of protein/
mRNA transfer in GCOs. To investigate this hypothesis, we 
performed size-exclusion chromatography to obtain con-
centrated EV fractions from m005-GFP cells, MGG23-GFP 
cells, 11A cortical organoids, and the joint m005-11A GCO 
model. We characterized and quantified the EV populations by 
nanoparticle tracking analysis, observing that our EV prepara-
tions had mode sizes of between 140 and 160 nm (Supplemen-
tary Fig. S5A). Notably, purified EVs from MGG23-GFP cells 
were GFPpos under fluorescence microscopy, demonstrating 
that GFP proteins are packaged into EVs from GFPpos ma-
lignant cells (Fig. 5A).

To assess if mRNAs are packaged in EVs, we isolated 
total EV RNA from each model system and then profiled 
mRNAs by bulk RNA-seq. We focused on the m005-related 
models, such that we could align sequencing reads to the 
mouse transcriptome to identify malignant transcripts. We 
found a high correlation between malignant transcripts 
in EVs and transcripts expressed in malignant cells from 
GCOs (Fig. 5B). These results support that EVs are at least 
one potential mRNA transfer mechanism in GCOs and 
are consistent with previous reports suggesting that the 
RNA content in EVs is often reflective of RNA levels in the 
originating cell, although deviations exist (33–35). Inter-
estingly, we found that AC/MES-like transcripts were en-
riched in EV mRNAs from the m005 GCO model compared 
with the m005 cell line alone (Fig. 5C; AC P = 3.78e−06, 
MES1 = 1.14e−02 by hypergeometric test), suggesting that 
the organoid microenvironment plays a role in promoting 
increased transfer of AC/MES-like transcripts.

We next performed functional assays to determine whether 
EVs could mediate GFP transfer in a simplified coculture set-
ting. We cocultured human cortical organoids with either  
(i) conditioned media from m005-GFP cells, (ii) purified EVs 
from m005-GFP cells, or (iii) m005-GFP cells separated by a 
transwell barrier (400 nm pore size). Surprisingly, we found 
that after dissociating and analyzing the cortical organoids 
by flow cytometry, there was no evidence of GFP transfer in 
these cocultures, whereas the fully integrated GCO, estab-
lished in parallel, had the expected GFP transfer pattern (Sup-
plementary Fig. S5B). Although these results do not exclude a 
specific transfer mechanism, they highlight that the observed 
intercellular transfer is dependent on malignant cells being 
directly integrated within the TME.

We then sought to directly visualize GFP transfer patterns  
in situ. We engineered GCOs with malignant cells stably ex-
pressing palmitoylated GFP (palmGFP), a membrane-bound 
form of GFP that allows efficient visualization of EVs and mem-
brane projections (36). We initially established m005-palmGFP 
GCOs and imaged fixed tissue sections with confocal micros-
copy, observing widespread GFPpos membrane projections 
(Fig. 5D). We observed that GFPpos vesicles were distributed 
within membrane projections, highlighting a potential syner-
gistic role for membrane-based cellular connections such as 
tunneling nanotubes (TNT), which are known to allow trans-
fer of large cargo (37, 38). We further carried out live confo-
cal imaging of intact MGG23-palmGFP GCOs to mitigate 

the possibility of imaging artifacts due to fixation, while also 
assessing a fully human system (Fig. 5E). We observed similar 
GFPpos membrane projections in addition to an abundance of 
EVs distributed throughout the TME.

Transfer Extends to a Carcinoma Cortical Organoid 
Model

We sought to investigate the possibility that EV-mediated 
mRNA transfer might occur in other cancer organoid mod-
els beyond GBM. We thus developed a carcinoma cortical 
organoid model in which GFP-labeled breast cancer cells 
(MDA-MB-231) were engrafted in cortical organoids. After 
2 weeks, the cultures were dissociated and flow sorted into 
GFPpos and GFPneg populations prior to scRNA-seq. After 
separating malignant and nonmalignant cells, we detected 
GFP transcripts in nonmalignant cortical organoid cells, sup-
porting that transfer in organoid models occurs beyond GBM 
(Fig. 5F; Supplementary Fig. S5C). We further examined the 
GFPpos nonmalignant cells in this experiment and found 
that, similarly to the GCO system (Supplementary Fig. S5D), 
they upregulated canonical EV markers (Supplementary Fig. 
S5E), consistent with a model in which the identities of trans-
ferred transcripts are related to malignant cell expression 
(Figs. 4D and 5B).

Discussion
In this study, we describe the development of GCO mod-

els for dissecting tumor heterogeneity and intercellular com-
munication in human GBM (Fig. 6). We leveraged long-term 
cultured cortical organoids to achieve unprecedented cellular 
diversity, considering both the malignant and nonmalignant 
compartments, for a fully in vitro GBM model. The observed 
malignant cell states in GCOs had increased fidelity to cell 
states in patient samples, highlighting the importance of the 
neuroglial TME in influencing GBM expression programs. 
Most strikingly, we observed widespread transfer of reporter 
proteins/mRNA and endogenous mRNA from malignant to 
nonmalignant cells. This transfer was mediated by EVs with 
an observed bias for source cells of AC/MES-like malignant 
cells and target cells of oRG/astroglia nonmalignant types. 
Together, these results highlight the value of modeling GBM 
in a heterogeneous, functionally integrated context.

Although the extent to which GFP protein or RNA mole-
cules were transferred from malignant to multiple nonmalig-
nant cell populations in our model may seem surprising, it 
is not without precedent. For example, in a series of in vivo 
studies, functional GFP-labeled photoreceptors were trans-
planted into damaged host retinae, with improved visual 
function resulting primarily from cell-to-cell material transfer 
(39, 40). In oncology, this phenomenon has been less appreci-
ated: reporter labeling is invariably used for high-confidence 
identification of malignant cell populations across common 
experimental models, although there are documented cases 
of intercellular transfer involving tumor-associated immune 
populations (41). Moving forward, the potential for unex-
pected (and biologically relevant) intercellular transfer must be 
carefully considered, particularly with increasingly integrated 
tumor models and sophisticated measurement techniques. 
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Certainly, organoids may be uniquely well situated for dis-
secting these phenomena, as they combine in vitro ease of ma-
nipulation with in vivo complexity.

Using GFP-transfer as a facile label for crosstalk, we fur-
ther uncovered extensive (in terms of the number of tran-
script species) transfer of endogenous malignant transcripts 

to nonmalignant cells. Our results may provide one possi-
ble additional mechanistic explanation for the observation 
that GBM-associated macrophages acquire a mesenchymal 
state that is similar to the MES-like state of malignant GBM 
cells (9). More broadly, recent large-scale, pan-cancer tran-
scriptome analyses have highlighted that similar expression 
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programs are often observed across multiple cell types (both 
malignant and nonmalignant) within the same tumor (29). 
Accordingly, we were able to recreate GFP transcript transfer 
in a breast cancer-cortical organoid model for brain metas-
tasis, suggesting that our results reflect a more fundamental 
mechanism that is not restricted to glioma. Altogether, these 
findings suggest that nonmalignant cells in the TME might 
be remodeled by malignant cells to a greater extent than pre-
viously appreciated.

For glioma in particular, we found that GFP-coupled trans-
fer was strongly biased toward AC/MES-like malignant pro-
grams. Our data are consistent with recent work suggesting 
that AC/MES-like malignant cells generate an interconnected 
tumor cell network with astrocytes (7); in this study, we ex-
tend this pattern of connectivity to include numerous RNA 
species and nonmalignant populations. Importantly, other 
recent in vivo studies in glioma have demonstrated transfer 
of biomolecules between glioma cells and nonmalignant cells 
(particularly astrocytes) in the TME, corroborating that our 
findings in this study likely extend beyond in vitro models  
(42, 43). Although we show that neuronal populations also 
receive many different malignant transcripts, the functional 
consequences of this transfer, particularly as they relate to 
trends in cancer neuroscience, remain to be assessed.

EVs are a conserved mechanism for intercellular commu-
nication across cancer and noncancer cell types (33), and we 
show that they play an important role in mRNA transfer in 
GCOs. We further observe that the transfer is dependent on 
malignant cells being directly integrated within the TME, sug-
gesting a possible synergistic influence of the tumor cell net-
work on EV-mediated communication. Indeed, whereas large 
cargo such as microvesicles or GFP protein/mRNA would  
not be expected to pass through the gap junction coupling 
of tumor microtubes, similar and coregulated structures 
such as open-ended TNTs could be implicated in this transfer  

(44–46). Further dissection of the relative contributions of 
each of these processes is significantly limited by a lack of  
robust methods to perturb EV and TNT pathways. Impor-
tantly, the universality of these communication mechanisms 
would explain the extension of our findings to nonglioma 
cancer types and related organoid models.

In conclusion, our work contributes three major advances. 
First, we extend GBM organoid models to include a more 
complete spectrum of malignant cell states and nonmalig-
nant cell types. Second, we show frequent GFP transfer from 
malignant to nonmalignant cells in GBM organoids (through 
protein and/or RNA), demonstrating a functionally inte-
grated TME. Third, we use GFP tracking to illustrate wide-
spread transfer of malignant transcripts to nonmalignant 
cells through EVs, which may exemplify more general prin-
ciples of crosstalk in the cancer microenvironment. Future 
work will extend these findings to patient tumors and explore 
the long-term functional consequences of this transfer.

Methods
Experimental Models

GBM and Carcinoma Cell Lines.  Primary tumor cultures were 
derived from surgical samples after obtaining preoperative con-
sent according to Institutional Review Board protocol Dana-Far-
ber/Harvard Cancer Center 10-417. Patient-derived human GBM 
neurospheres (MGG23, MGG75, MGH143, MGG87, MGG123, 
MGG101, MGG65, MGG70, and MGG125) were established from 
tumors and maintained in Neurobasal Medium (Thermo Fisher 
Scientific) supplemented with 1/2 × N2 and 1 × B27 (Thermo Fisher 
Scientific), 1% penicillin/streptomycin (Thermo Fisher Scientific),  
1.5 × Glutamax (Thermo Fisher Scientific), 20 ng/mL of EGF, and 
20 ng/mL of FGF2 (Shenandoah Biotechnology; refs. 3, 47). Mouse 
(m005) GBM cell lines were obtained from the Salk Institute and 
maintained in semi-adherent culture in DMEM/F12 (Corning) 
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Figure 6.  Diagram of the GCO system and findings.
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supplemented with 1 × N2 (Thermo Fisher Scientific), 1 × L-Glutamine 
(Corning), antibiotic–antimycotic (Thermo Fisher Scientific), 40 μg/mL 
heparin (Sigma-Aldrich), 20 ng/mL of EGF, and 20 ng/mL of FGF2 
(Shenandoah Biotechnology; ref. 48).

MDA-MB-231 cells (RRID: CVCL_0062) were obtained from the 
ATCC and maintained in adherent culture in DMEM (Corning) sup-
plemented with 10% FBS. Cell lines were routinely tested and found 
negative for Mycoplasma.

Pluripotent Stem Cell Culture.  All experiments involving human 
cells were performed according to the International Society for Stem 
Cell Research (ISSCR) 2016 guidelines and approved by the Harvard 
University Institutional Review Board and Embryonic Stem Cell Re-
search Oversight (ESCRO) committees. The 11a iPSC line (RRID: 
CVCL_8987) was obtained from the Harvard Stem Cell Institute. 
The PGP1 iPSC line was derived from the laboratory of G. Church 
(Church, G.M., 2005; RRID: CVCL_F182). The H1 hESC line (also 
known as WA01; RRID: CVCL_9771) was purchased from WiCell. 
The cells were cultured on Geltrex-coated dishes (Gibco) in mTeSR1 
medium (Stem Cell Technologies) supplemented with 100 U/mL 
penicillin and 100 μg/mL streptomycin and maintained at 37°C in 
5% CO2. Cell cultures were routinely tested and found negative for 
Mycoplasma and were karyotypically normal. PGP1 and H1 cell lines 
were authenticated using short tandem repeat analysis completed by 
TRIPath (2018) and WiCell (2021), respectively. For authentication of 
the 11a cell line, refer to Quadrato and colleagues (49).

Cortical Organoid Differentiation.  Cortical organoids were gen-
erated as previously described (25). On day 0, human PSC cells were 
dissociated into single cells with Accutase (Gibco), and 9,000 cells 
were seeded per well of an ultra-low cell adhesion 96-well plate (sBio 
PrimeSurface plate; Sumitomo Bakelite) in Cortical Differentiation 
Medium (CDM) I, composed of Glasgow minimum essential medium 
(Gibco), 20% KnockOut Serum Replacement (Gibco), 0.1 mmol/L 
minimum essential medium nonessential amino acids (Gibco),  
1 mmol/L pyruvate (Gibco), 0.1 mmol/L 2-mercaptoethanol (Gibco), 
100 U/mL penicillin, and 100 μg/mL streptomycin (Corning). From 
days 0 to 18, CDM I was supplemented with Wnt inhibitor IWR1 
(Calbiochem, 3 μmol/L) and TGFb inhibitor SB431542 (Stem Cell 
Technologies, 5 μmol/L). On day 18, the aggregates were trans-
ferred to ultra-low attachment culture dishes (Corning) and cultured 
under orbital agitation (80 rpm) in CDM II containing DMEM/F12 
medium (Gibco), 2 mmol/L Glutamax (Gibco), 1% N2 (Gibco),  
1% Chemically Defined Lipid Concentrate (Gibco), 0.25 μg/mL Fun-
gizone (Gibco), 100 U/mL penicillin, and 100 μg/mL streptomycin. 
On day 35, the aggregates were transferred to spinner-flask bioreac-
tors (Corning) and maintained in CDM III [DMEM/F12 medium 
(Gibco), 10% FBS (GE-Healthcare), 2 mmol/L Glutamax (Gibco), 
1% N2 (Gibco), 1% Chemically Defined Lipid Concentrate (Gibco), 
5 μg/mL heparin (Sigma), 1% Matrigel (Corning), 0.25 μg/mL Fun-
gizone (Gibco), 100 U/mL penicillin, and 100 μg/mL streptomycin]. 
From day 70 onward, the organoids were cultured in CDM IV [CDM 
III supplemented with 2% B27 supplement (Gibco) and 2% Matrigel 
(Corning)].

Method Details
Establishment of GCOs.  GCO establishment procedures were  

approved according to Mass General Brigham Institutional Biosafety 
Committee (IBC) protocol #2014B000089. Long-term cultured corti-
cal organoids (∼4–6 months post-differentiation) were transferred to 
ultra-low attachment 6-well plates (Corning), with up to five organ-
oids per well, prior to coculture with GBM cells. Cortical organoids 
were maintained in CDM IV without Matrigel (49). Separately, GFP- or 
tdT- tagged GBM cells were dissociated using TrypLE (Thermo Fisher 
Scientific) into single-cell suspensions. GBM cells were centrifuged 

at 300 relative centrifugal force (RCF) and resuspended in CDM IV 
(without Matrigel) at a concentration of approximately one million 
cells per mL. To initiate coculture of GBM cells and cortical or-
ganoids, ∼250,000 to 400,000 GBM cells in CDM IV were added to 
each well of a 6-well plate containing 5 organoids each, with a total 
volume of ∼2 to 2.5 mL media per well. Cocultures in six-well plates 
were subsequently kept on a shaker in a 37°C/5% CO2 incubator 
(Thermo Fisher Scientific) at 88 to 95 RPM for 24 hours, during 
which time the cell suspension was regularly triturated (every ∼4–6 
hours) with a P1000 pipet. Trituration was carried out to maintain a 
single-cell suspension of GBM cells and periodically reorient cortical 
organoids within the well. Cultures were periodically checked under a 
fluorescent microscope during this 24-hour period to ensure uniform 
single-cell engraftment of GFP/tdT-positive cells into cortical organoids. 
After 24 to 48 hours and successful engraftment, cortical organoids 
were washed with CDM IV (without Matrigel) (to remove unattached 
gliomaspheres) and replated in a different low-attachment six-well 
plate with CDM IV (without Matrigel) for prolonged culture at 
37°C/5% CO2 with shaking (88–95 RPM). During prolonged culture, 
CDM IV (without Matrigel) media was replaced every ∼2 days. Estab-
lished GCOs were maintained for 2 weeks prior to dissociation, FACS, 
and scRNA-seq.

Single-Cell Dissociation of Organoids.  Individual cortical and 
GCOs were dissociated into single-cell suspensions using Worth-
ington Papain Dissociation System Kit (Worthington Biochemical).  
A detailed description of the dissociation protocol is available at Pro-
tocol Exchange (https://doi.org/10.21203/RS.2.9542/V1).

FACS of GFP/tdT-Positive and -Negative Populations.  Dissociated  
organoids were pooled together by model and resuspended in ice 
cold PBS with 1% BSA for FACS. Each sample was co-stained for 
30 minutes with CellTrace Calcein Violet, AM (Thermo Fisher Sci-
entific) and TO-PRO-3 (Thermo Fisher Scientific) live and dead cell 
markers, respectively. For each GCO FACS experiment, an age and 
batch matched cortical organoid was run as a negative gating control.  
GFP/tdT-positive and -negative fractions from each model were col-
lected into separate 1.5-mL microcentrifuge tubes, with a minimum 
goal of 25,000 cells per collection tube. Sorting was performed with 
a FACS Aria Fusion Special Order System (Becton Dickinson). The 
sorting was limited to less than 90 minutes per sample, and the collec-
tion tubes were maintained at 4°C for the sort duration, to minimize 
FACS-processing artifacts on the downstream scRNA-seq results. 
Sorted, viable cell populations were immediately transferred to 
droplet-based (10x) scRNA-seq pipelines.

For Smart-seq2 experiments, individual cells were directly sorted  
into 96-well plates containing TCL buffer (QIAGEN) with 1% 
β-mercaptoethanol. The plates were frozen on dry ice immediately 
after sorting and stored at −80°C prior to whole-transcriptome am-
plification, library preparation, and sequencing.

scRNA-Seq.  For the 10X experiments, GFP/tdT-positive and 
-negative pools were centrifuged at 250 RCF for 5 minutes, and 
the resulting cell pellets were resuspended in PBS +0.04% BSA at a 
target concentration of one million cells per mL. The scRNA-seq li-
braries were generated using the Chromium Next GEM Single Cell 
3′ GEM, Library & Gel Bead Kit v3.1, Chromium Next GEM Chip 
G, and 10x Chromium Controller (10x Genomics) according to the 
10X Single Cell 3′ v3.1 protocol. The GFP/tdT positive and negative 
cell populations were separately profiled for each GCO model. We 
loaded approximately 10,000 single cells to the Chromium Control-
ler with a targeted recovery of 6,000 cells per cell population. Single 
cells, reagents and single gel beads containing barcoded oligonucle-
otides were encapsulated into nanoliter-sized droplets and subjected  
to reverse transcription. Droplets were broken and the barcoded  
cDNAs were purified with DynaBeads and amplified by 12 cycles of 
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PCR [98°C for 3 minutes; (98°C for 15 seconds, 63°C for 20 sec-
onds, 72°C for 1 minute) × 12; 72°C for 1 minute]. 3′ gene expres-
sion cDNA were size-selected and separated with SPRIselect Reagent 
(Beckman Coulter), and then fragmented, end-repaired, ligated with 
index adapters. Quality control of the resulting libraries was performed 
with the Bioanalyzer High Sensitivity DNA Analysis (Agilent). The 
constructed gene expression libraries were paired-end sequenced  
using a NextSeq 2000 sequencer (Illumina).

Smart-seq2 whole transcriptome amplification, library construc-
tion, and sequencing were performed as previously published (3).

In vitro Labeling of Cell Lines with GFP/tdT Lentiviruses.  GFP and 
tdT lentiviruses were packaged with pLV-CMV-eGFP and pLV-CAG- 
tdTomato transgenic vectors, respectively, using a third generation 
lentiviral packaging system in 293T cells (RRID: CVCL_0063). Len-
tiviral particles were collected, precipitated, and concentrated using 
lentiviral precipitation solution (Alstem). Concentrated lentiviral 
particles (without polybrene) were directly added to gliomasphere 
cells (dissociated with TrypLE) in six-well plates, and the media was 
replaced after 48 hours. Cells were allowed to expand for several 
weeks, after which GFP/tdT-positive cells were purified with FACS as 
needed, and the resulting cell cultures were used for subsequent 
experiments or cryopreserved as stocks in liquid nitrogen.

Immunohistochemistry and Microscopy.  GCO samples were fixed in 
4% paraformaldehyde (PFA) at room temperature overnight, washed 
with PBS, and then dehydrated in 30% sucrose in PBS at 4°C over-
night. Cryoprotected samples were subsequently embedded in freshly 
prepared bovine gelatin solution (5 g bovine gelatin, 3.75 g sucrose, 
in 25 mL PBS) in plastic cryomolds. After gelatin polymerization for 
20 minutes at room temperature, embedded organoids were flash fro-
zen in a dry ice and ethanol bath. Frozen sections were cryosectioned 
at 15 to 50 micron thickness, and sections were added to slides for 
long-term storage at −80°C. Sections were washed with 0.1% Triton 
X-100 in PBS, blocked for 1 hour at room temperature with 5% don-
key serum + 0.1% Triton X-100 in PBS, and incubated overnight with 
primary antibody (anti-human mitochondria; Abcam 113-1; RRID: 
AB_2332217) in 2.5% donkey serum + 0.1% Triton X-100 in PBS. After 
washing, sections were incubated with secondary antibodies in 2.5% 
donkey serum + 0.1% Triton X-100 in PBS for 1 hour at room tem-
perature. Secondary antibodies were washed with PBS + 0.1% Triton  
X-100, and incubated with 4′,6-diamidino-2-phenylindole (DAPI;  
1 μg/mL in PBS) for 15 minutes. The samples were mounted with a 
coverslip and Fluoromount mounting medium for long-term storage 
and imaging. Confocal images were acquired with a Zeiss LSM 800 
with Airyscan and analyzed using ZEN (Zeiss) imaging software.

Isolation and Characterization of Extracellular Vesicles (EV).  GBM 
cell lines, GCO models, and cortical organoids were cultured as de-
scribed previously. After 1 week of continuous culture, conditioned 
media was collected and centrifuged at 300 RCF to remove cell debris. 
Conditioned media was concentrated with an Amicon Ultra-15 100K 
MWCO filter (Millipore) at 600 RCF for 30 minutes. Concentrated 
samples were loaded onto qEV original SEC columns (IZON Sci-
ences) and 13 fractions (500 μL each) were collected by elution with 
PBS using the Automatic Fraction Collector according to the man-
ufacturer’s protocol. Fractions 7 through 11, containing EVs, were 
further concentrated with a 100kDa MWCO spin filter (Millipore); 
RNPs that carry RNA were contained in fractions 12 and beyond, and 
subsequently discarded. For further characterization, EV samples 
were diluted 200X in PBS and analyzed with nanoparticle tracking 
analysis (NTA) on a NanoSight LM10 (Salisbury, UK) according to 
manufacturer’s instructions. For each measurement, five 1-minute 
videos were captured, after which videos were analyzed by the in-built 
NanoSight Software NTA 3.2 to determine nanoparticle (EV) size dis-
tributions and concentrations.

Library Preparation and Sequencing of Extracted EV mRNA.  
Purified EVs were loaded onto exoRNeasy MIDI columns (QIAGEN) 
to extract total RNA. Total RNA was quantified and sequencing li-
braries were constructed using a Smart-Seq2 protocol with reagents 
adapted to accommodate bulk-EV RNA (3 ng total RNA per sample) 
as input. Sequencing libraries had selective amplification of mRNAs 
through the presence of oligo(dT)-tailed primers in the Smart-Seq2 
protocol. Quality control of the resulting libraries was performed 
with the Bioanalyzer High Sensitivity DNA Analysis (Agilent). The 
constructed gene expression libraries were paired-end sequenced 
using a NextSeq 2000 sequencer (Illumina).

Cortical Organoid Coculture Experiments.  11A-derived cortical  
organoids (∼4 months post-differentiation) were plated in low- 
attachment six well plates (one organoid per well) and cultured with 
CDM IV media, without Matrigel, as described in the GCO estab-
lishment protocol. All coculture conditions, subsequently described, 
were carried out for 1 week on a shaker (95 RPM) at 37C/5% CO2, 
with media changes every 2 days, after which cortical organoids were 
dissociated (as described previously) into single cells and analyzed on 
a Cytek Aurora flow cytometer. (i) Purified EVs: 50 μL of purified EVs 
(1.6E11 particles/mL) were added directly to cortical organoid cul-
ture media, every 2 days for the duration of the experiment. (ii) Con-
ditioned media: conditioned media from m005-GFP cells was filtered 
(0.45 micron) and frozen, with 1:2 conditioned media to CDM IV 
added at each media change for the cortical organoids. (iii) Transwell 
culture: m005-GFP cells (100k cells per insert) were plated on a hang-
ing transwell insert (0.4 micron, Millipore), which was subsequently 
inserted into a six-well plate with a cortical organoid in CDM IV media. 
The transwell insert was carefully maintained for the duration of the 
experiment. (iv) Controls: 11A cortical organoids, m005-GFP cells, 
and m005 GCOs were cultured or initiated as described previously, 
for the 1-week duration of the experiment.

Live Imaging of GCOs.  MGG23-palmGFP GCOs were estab-
lished and cultured for 1 week, as previously described. GCOs were 
plated in a 96-well glass bottom plate, and embedded in Matrigel 
(Corning) for 2 hours, prior to imaging on a Zeiss LSM800 Airyscan 
with an environmental control chamber.

Data Analysis
scRNA-Seq Data Processing.  Raw data were processed using 10x 

CellRanger pipeline to output filtered count matrices. Cells were 
aligned to a custom genome that was created by adding the GFP  
sequence (Supplementary Data) to the human and mouse ge-
nomes using cellranger mkref to quantify the GFP reads per cell. 
Next, as quality control, we excluded cells with fewer than 1,000 
detected genes. Among the remaining cells, we detected on aver-
age of 4,058 genes per cell. Expression levels were quantified as  
E(i,j) = log2[1 + CPM(i,j)/10], in which CPM(i,j) refers to 106 × 
UMI(i,j)/sum[UMI 1…n,j], for gene i in sample j, with n being the 
total number of analyzed genes. CPM values were divided by 10, 
as described above for TPM values. We defined relative expression 
over the remaining cells for each study separately by centering the 
expression levels per gene, Erel(i,j) = Ei,j − mean[Ei,1…n]. Next, we 
calculated the Eavg(i) = log2[mean(CPMi,1…n)+1] for each gene and 
excluded genes with Eavg < 4.

Definition of Gene Signature Scores.  Cells or bulk tumors were 
scored for a gene signature as previously described using the R pack-
age scalop (https://github.com/jlaffy/scalop). Given a set of genes (Gj) 
reflecting an expression signature of a specific cell type or biological 
function, we calculate for each cell i, a score, SCj (i), quantifying the 
relative expression of Gj in cell i, as the average relative expression (Er)  
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of the genes in Gj, compared with the average relative expression of a 
control gene set (Gj cont): SCj (i) = average[Er(Gj,i)] −average[Er(Gj cont,i)]. 
The control gene set is defined by first binning all analyzed genes into 
30 bins of aggregate expression levels (Ea) and then, for each gene in the 
gene set Gj, randomly selecting 100 genes from the same expression bin. 
In this way, the control gene set has a comparable distribution of ex-
pression levels to that of Gj, and the control gene set is 100-fold larger, 
such that its average expression is analogous to averaging over 100 
randomly selected gene sets of the same size as the considered gene 
set. Cells were scored for each study separately.

Assignment of Cell Types.  The gene cell matrix underwent di-
mension reduction using UMAP and Louvain clustering using the  
R package Seurat (https://satijalab.org/seurat/). To define malignant 
cells, we inferred CNAs from single-cell data, as previously described. 
Malignant cells were assigned to the meta-module with the highest 
score between the six meta-modules (MES1-like, MES2-like, NPC1-
like, NPC2-like, AC-like, and OPC-like), as previously described 
[Neftel and colleagues (3)]; however, cells with a score of less than 
0.3 for any program or a difference of less than 0.1 between the high-
est and second-highest state scores were defined “unclassified.” For 
most analyses, we collapsed the MES1 and MES2 groups of cells into 
one group of MES-like cells, and similarly, the NPC1 and NPC2 cells 
into one group of NPC-like cells. Nonmalignant cells were assigned 
in a similar matter using gene signatures for the defined cell types as 
defined in (Velasco and colleagues) (25). For the m005 mouse GBM 
cells, cells were assigned in the same method but using the de novo 
NMF programs (described below) instead of the Neftel GBM states.

Characterization and Comparison of Malignant Cells to Human 
Transcriptional Heterogeneity.  For the malignant cells [from both 
human and mouse (m005) origin], we analyzed each cell line separate-
ly to identify patterns of expression heterogeneity. NMF was applied 
to the Er values by transforming all negative values to zero. We per-
formed NMF using the R package NMF with the number of factors  
k = 6−9 and defined expression programs as the top 50 genes  
(by NMF score). For the human malignant cells, we clustered all of 
the generated NMF programs to define metaprograms, as previous-
ly described (28, 29), which we refer to in the text as de novo programs. 
Programs of expression heterogeneity in human GBM were previous-
ly defined: MES1-like, MES2- like, NPC1-like, NPC2-like, AC-like, 
OPC-like, G1S, and G2M [Neftel and colleagues (3)]. For the human 
metaprograms and m005 de novo programs defined, we annotated 
each one based on the maximum similarity with each of the Neftel 
human programs.

Comparing Transcriptional Heterogeneity to In Vitro Data.  For 
each of the cell lines grown in cortical organoids, we also have gener-
ated data in in vitro gliomasphere conditions. To compare the robust-
ness of the human GBM cellular states between in vitro and organoid 
conditions, we scored the malignant cells for each cell line for the  
cellular states for each condition separately. We plotted the scores, 
colored by cell assignment using star plots, as previously described 
[Neftel and colleagues (3)]. In addition, we quantified the difference 
in magnitude of the cell states by plotting the score of the metapro-
gram which a cell was assigned to in each condition (boxplot). Addi-
tionally, we conducted the same analysis comparing the GCO system 
to GBM cells cultured in vitro, tumor organoids, and cerebral organ-
oid from an external dataset from Pine and colleagues (23).

Assignment of Each Cell Species of Origin in the Species-Mismatch  
Experiment.  Cells were aligned to a concatenated human and mouse 
genome. Then for each cell, the number of human genes that were 
detected was plotted against the number of mouse genes detected. 
Cells were assigned to a species if there was 10 times more genes from 
one species compared with another and at least 1,000 genes detected.

Detection of Transferred Transcripts.  To identify transferred 
genes, we used two approaches: in the species-mismatch experiment, 
mouse genes that were detected in the human organoid cells were 
considered transferred. In the human GBM cell line experiments, 
we estimated the genes transferred by selecting the genes with the 
highest residual gene expression when comparing the average expres-
sion in malignant cells versus nonmalignant organoid cells.

Analysis of EV Transcripts.  Purified EVs were subjected to bulk 
RNA-seq to profile their transcriptomic content, as described previ-
ously. We evaluated the correlation between the pseudobulk gene ex-
pression data from malignant m005 cells (obtained from scRNA-seq 
data) and the transcript levels in the EVs. This allowed us to deter-
mine the similarity between the gene expression profiles of the ma-
lignant cells and the transcripts found in the isolated EVs. Finally, to 
identify genes specifically transferred within the m005 GCO system, 
we compared the transcript profiles of m005 EVs and m005 GCO 
EVs. We computed the residuals from this comparison, focusing on 
genes with the highest residuals to highlight those with differential 
transfer between the two EV sources.

Data Availability
Data generated in this study are publicly available in Gene Ex-

pression Omnibus (RRID: SCR_005012) at GSE276838. All code 
generated in this study are publicly available at https://github.com/ 
rchanoch/Glioblastoma-cortical-organoids.
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