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Abstract 

Tumor heterogeneity is a hallmark of cancer and a determinant of malignant behavior. How tumor 

heterogeneity arises is thus of fundamental importance. Gliomas display oncostreams, self-

organizing multicellular fascicles of elongated, aligned, collectively motile glioma cells, that 

establish dynamic heterogeneity throughout gliomas. Gliomas exhibit two collective motion 

patterns: streams, displaying bidirectional collective motion, and flocks, displaying unidirectional 

collective motion. Oncostreams function as highways to facilitate the intratumoral spread of 

tumoral and non-tumoral cells. Detailed quantitative and deep learning analysis of rodent and 

human gliomas uncovered that the density of oncostreams correlates positively with glioma 

aggressiveness. Our study establishes the self-organizing dynamic nature of gliomas, and its role 

in setting up dynamic tumor heterogeneity and consequently tumor malignant behavior. 

 
INTRODUCTION 

Tumor heterogeneity is a characteristic hallmark of cancer that is thought to determine tumor 

malignant behavior and treatment resistance. Glioma spatial heterogeneity can be detected at the 

histological, molecular, and cellular level (1-4). We uncovered the existence of dynamic 

heterogeneity. The organization of gliomas is highly dynamic, and is structured into diverse self-

organizing patterns of collective motion named “oncostreams”. These patterns of self-organization 

correlate with tumor malignancy in rodent and human gliomas, suggesting a causal pathological 

role for glioma self-organization and dynamic heterogeneity.  
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We demonstrate the existence of oncostreams or dynamic fascicles of elongated glioma cells, that 

self-organize into patterns of collective motion such as streams and flocks. We demonstrate the 

neuropathological characteristics of oncostreams, their highly dynamic nature, their correlation 

with tumor malignant behavior, their functional role in tumor invasion and progression, and their 

potential causal role in setting up tumor spatial heterogeneity. We propose that glioma self-

organization facilitates the emergence of dynamic tumor behaviors that determine malignant 

growth, and could thus become targets for novel treatments.  

 

RESULTS  

Intra-tumoral self-organized collective motion dynamics in glioma tumors 

Gliomas are characterized by prominent cellular, molecular, and spatial heterogeneity; a role of 

dynamics in tumor heterogeneity, however, remains unknown. We uncovered surprising 

widespread dynamics of glioma cells throughout the glioma mass, as predicted by our agent-based 

model (Fig. 1A) (5). To investigate these dynamics, we established a physiologically viable 

organotypic brain slice model. The movement of glioma cells expressing green fluorescent protein 

(GFP) was visualized using time-lapse confocal imagining, and tracked using Fiji’s plug-in Track-

Mate (Fig. 1, B to D).   

The glioma tumor core displays groups of cells (zones) with similar nematic orientation (Fig. 1E 

and Fig. S1F) and which resemble collective motion (6-11). To characterize patterns of collective 

motion we determined the cells’ angle velocity, velocity vector and speed within each zone (Fig. 

1, E to J and Fig. S1G). Angle velocity distribution indicated the existence of three patterns of 

collective motility (Fig. 1G): in ‘Zone a’ cells don’t have a preferred direction, in ‘Zone b’ cells 

move in opposite directions (~ 135° and 315°), and in ‘Zone c’ all cells move with a single similar 

preferred direction (~ 45°) (Fig. 1, G and H). These analyses disclosed three types of patterns of 

collective motion, which we denote by ‘swarm’ (Zone a), ‘stream’ (Zone b), or ‘flock’ (Zone c).  

Further, we established a robust criterion to classify these migratory patterns: we used the 

distribution of all angle velocity values θi to determine the likelihood of any experimental 

distribution being either a stream, a flock, or a swarm. The distribution of the angle velocity is 

constant in a swarm (all angle velocities are equally probable), bi-modal in a stream (cells are 

moving in both directions), and uni-modal in a flock (Fig. 1, I and J). The likelihood analysis 

demonstrates that ‘Zone a’ illustrates a swarm, ‘Zone b’ a stream, and ‘Zone c’ a flock (Fig. 1J). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 2, 2020. ; https://doi.org/10.1101/2020.12.01.404970doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.01.404970
http://creativecommons.org/licenses/by-nc-nd/4.0/


Spatial organization of glioma collective motion 
 

3 
 

The Akaiki Weight (AW) indicates which pattern has the highest likelihood in each experimental 

situation. Speed differed among the three dynamic patterns (Fig. 1F, and Fig. S2B, S3B S4B, and 

S17 A). Taking a threshold of 2μm/h, the cells inside a flock or stream move faster than the 

threshold 83% of the time, and inside a swarm they move 71.2% of the time. 

The statistical analyses suggest that glioma cells move by collective motion in a manner 

resembling the movements of self-organizing flocks of birds (12). Because local pairwise 

interactions among individuals are sufficient to propagate the order throughout the flock we 

determined the internal organization of the cells by pair-wise correlation analysis (relative position 

and pair correlation) by tumor zones (Fig. 1K and Fig. S1 C to E). We observed that within 

swarms’ cells are more separated, and the relative position of the nearby neighbors is 20-40 μm. 

streams and flocks have higher density, and the nearby neighbors are closer (at 20-30 μm) (Fig. 

1L and Fig. S2F, S3F and S4F). Pair-wise correlation with nearby neighbors showed that cell 

movement is positively correlated in all patterns at distances between 10-50 μm, with higher 

correlation left-right for streams (≈0.2), left-right/front-back for flocks (≈0.2-0.4), and a lower 

correlation for swarms (≈0.1) (Fig. 1M and Fig. S2G, S3G and S4G). This study of glioma tumors 

are compatible with the results of Ralitza et al. (13), indicating the possible existence of tumor 

dynamics across a larger variety of tumor types. 

Thus, our analyses strongly suggest that glioma tumors are dynamically heterogeneous and display 

self-organizing collective migratory behavior such as streams and flocks.  

 

Oncostreams: multicellular fascicles of elongated tumor cells in mouse and human gliomas  

To determine whether glioma collective motion patterns have a morphological correlate we 

performed histological analyses of H&E sections taken from imaged organotypic slices. Fig. 2A 

and B illustrates a histological section taken from the organotypic slice shown in Fig. 1, C to E. 

In correlated histological sections we could identify well-defined histological areas formed by 

elongated and aligned cells whose eccentricity and alignment matched the dynamic imaging 

results.  Cells within histological areas corresponding to streams and flocks have an aspect ratio of 

2.2 and 2.7 respectively (i.e., elongated cells), while those within areas corresponding to swarms 

have cells with an aspect ratio of 1.2 (i.e., round cells) (Fig. 2, B and C). As predicted by our in 

silico model (5) these results suggest that cell shape, or eccentricity, is involved in the organization 

of collective motion patterns.   
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Elongated cells within streams and flocks are nematically aligned with each other, i.e., they move 

in the same or opposite direction, whereas round cells within swarms are not (Fig. 2D).  Therefore, 

taking into account the cellular shape and angle orientation, we define such multicellular 

structures, as ‘oncostreams’ (i.e., streams or flocks). Notice that only the dynamic analysis of 

collective motion can differentiate between streams and flocks. Oncostreams are thus defined as 

fascicles of aligned and elongated cells (≈5‐30 cells wide) which at the dynamic level are defined 

as streams or flocks. 

To study whether oncostreams exist in other mouse glioma models as well in human glioma 

specimens we examined histological sections from various tumor types (Fig. 2, E and F). We 

determined the existence of oncostreams in mouse genetic models of glioma as NPA (Nras, shP53, 

shATRx) and NPD (Nras, shP53, PDGFβ) and in the GL26 glioma cells implantable models (Fig. 

2E). Moreover, human glioma biopsies and a xenograft glioma model (SJGBM2) demonstrated 

the presence of these organized multicellular oncostreams in human tissue (Fig. 2F). Analysis of 

cell eccentricity and alignment validated these structures as oncostreams (Fig. 2, G and H and 

Fig. S5). Our data thus indicate that a comprehensive study of tumors including histological, 

morphological and dynamic data enable a thorough classification of collective motion in gliomas.  

 

The presence of oncostreams correlates with tumor malignancy in mouse glioma models and 

glioma patients  

To understand whether oncostream density correlates with tumor aggressiveness and clinical 

outcomes we generated genetically engineered tumors of different malignant behavior using the 

Sleeping Beauty Transposon system (Fig. 3A) (4, 14, 15). We induced tumors harboring two 

different genotype combinations: (I) NRAS pathway activation in combination with shp53 and 

shATRX downregulation (NPA), and, (II) NRAS activation, shp53 downregulation, shATRX 

downregulation, and mutant IDH1-R132 expression (NPAI) (Fig. 3A). IDH1-wild-type tumors 

(NPA) display a highly malignant phenotype and worst prognosis (MS: 70 days), compared with 

tumors harboring the IDH1R132R mutation, NPAI, (MS: 213 days) (Fig. 3B). This outcome 

reproduces human gliomas, where patients with IDH1-mutant tumors have prolonged median 

survival (16, 17). Histopathological analysis of these tumors showed a positive correlation between 

the presence of oncostreams and tumor malignancy (Fig. 3C). NPA tumors exhibited large areas 

of oncostreams (Fig. 3C and Fig. S8) within a highly infiltrative and heterogeneous glioma 
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characterized by abundant necrosis, microvascular proliferation, and cellular heterogeneity  as 

described before (14, 15, 18).   

To objectively determine oncostream density we trained a fully convolutional neural network 

(fCNN) to identify and quantify tumor areas covered by oncostreams (Fig. 3C and Fig. S6 and 

S7 A). Our deep learning analysis found that within NPA tumors oncostreams occupied 15.28 ± 

6.105% of tumor area compared with 1.18 ± 0.81 % in NPAI tumors (Fig. 3 C and D, and Fig. 

S8 A and B). Cellular alignment correlated with the presence or absence of oncostreams (Fig. 

3E).  

To determine whether oncostream organization correlates with glioma aggressiveness in human 

patients we evaluated a large cohort of TCGA glioma diagnostic slides from the Genomic Data 

Commons Portal of the National Cancer Institute. We manually analyzed 100 TCGA-glioblastoma 

multiforme tissue sections (WHO Grade IV) and 120 TCGA-low grade glioma tissues (WHO 

Grade II and III) using the slide image viewer of the portal (Table 1). Oncostreams were present 

in 47% of TCGA-GBM grade IV tumor tissues, in 8.6 % of TCGA-LGG grade III, and were absent 

in TCGA-LGG grade II (Fig. 4A and Table S2). To validate our identification of oncostreams we 

examined the H&E images using our deep learning algorithm. We observed a strong concordance 

(>84%) between machine learning and our visual identification of oncostreams (Table S4). 

Oncostreams presence/absence and its segmentation by deep learning is illustrated in Fig. 4B and 

Fig. S9A and S10 A and B. Additionally, eccentricity and alignment analysis of glioma cells 

confirm the existence of oncostreams in human tissue (Fig. 4C). The median survival analysis of 

the selected cohort are consistent with the Gliovis brain tumor data-sets portal 

(http://gliovis.bioinfo.cnio.es) (Fig. S10C). Thus, our deep learning algorithm validates our visual 

histological identification of oncostreams in H&E glioma images. 

 

Patterns of self-organized collective motion: cell-heterogeneity and intratumoral distribution 

of non-tumor cells by oncostreams 

To gain insight into the biological functions of oncostreams we asked if oncostreams are 

homogeneous or heterogeneous structures. In mouse and human glioma tumors, oncostreams are 

formed by GFP+ and Sox2+ tumor cells, and also contain non-tumoral cells such as cells 

expressing Nestin+ stem cells, GFAP+ cells, Iba1+ microglia/macrophages cells, and ACTA2+ 
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mesenchymal cells (Fig. 5, A and B, and Fig. S11 A to C). Alignment analysis showed a positive 

alignment of non-tumoral cells with oncostream cells (Figure 5A-B).  

Human high-grade gliomas displayed GFAP+ astrocytes and Iba1+ macrophage/microglial cells 

aligned with SOX2+ tumor cells along oncostreams. Low grade gliomas did not contain 

oncostreams (Fig. 5, B and C). The negative staining for neurofilaments (Neurofilament-L) 

strongly suggests that oncostreams are not organized along brain axonal pathways (Fig. S12A). 

Oncostreams were negative for E-cadherin whereas N-cadherin was upregulated (Fig. S12B), 

suggesting that collective migration of oncostreams proceeds in a manner akin to the collective 

migration of mesenchymal cells of the neural crest (19). BrdU staining showed no differences 

between oncostreams and non-oncostream regions, though the mitotic plane was always 

perpendicular to the main axis (Fig. S12 C and D). 

As oncostreams are heterogeneous we tested their potential role in the dispersal of cells throughout 

the tumor. We designed co-implantation experiments using human glioma stem cells (MSP-12), 

and highly aggressive and oncostream forming glioma cells (GL26) co-implanted into 

immunosuppressed mice. Implantation of MSP12 cells alone generates slow-growing tumors (6-8 

months to death). At 21 post-implantation MSP-12 cells remain restricted to the site of injection 

with an average distance of 28.9±7.73 µm from the actual injection site. Surprisingly, when 

MSP12 cells are co-implanted with GL26-citrine cells MSP-12 cells spread throughout the tumor 

moving along oncostreams to much longer distances (83.7±23.74 µm) from the injection site 

(Figure 5D and 5E). Cell processes from MSP12 cells implanted alone displayed a random 

distribution pattern. However, in co-implanted tumors, processes from MSP12 cells are completely 

aligned with glioma GL26 cells within oncostreams (Fig. 5F and 5G). These results strongly 

suggest that oncostreams function as highways stimulating the rapid distribution of slow-moving 

glioma cells and/or non-tumor cells throughout the tumor mass.  These findings help explain the 

mixing of different clonal populations seen in previous studies (1, 20) supporting a potential role 

of self-organizing oncostreams in determining spatial  heterogeneity. 

 

Interactions at the border: oncostreams foster glioma aggressiveness through collective 

invasion of the normal brain parenchyma  
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Finally, we asked whether oncostreams have promote glioma invasion. We found multicellular 

fascicles of elongated, aligned cells invading from the tumor border into the normal brain 

parenchyma; single cell invasion was also observed. (Fig. 6A and Fig. S12C).  

We implanted glioma NPA GFP+ cells into mT/mG mice in which tdTomato (mT) red 

fluorescence expression is widespread in all cells/tissues to delineate tumor borders. We used our 

glioma organotypic model to analyze the invasion dynamics by time-lapse confocal imaging at the 

tumor border (Fig. 6B). We observed that glioma cells that extend from the tumor border to the 

normal brain parenchyma use different dynamic patterns, moving as isolated random cells and/or 

directional collective migratory structures resembling oncostreams structures similar to those in 

the tumor core (Fig. 6, C to F and Fig. S13 to S16).  

To objectively distinguish between different dynamic patterns, we determined the angle velocity 

distribution, and the likelihood that either distribution corresponds to either a stream, a flock, or a 

swarm. We found streams following the perivascular niche, or invading brain parenchyma without 

following any pre-existing brain structures, as well as invading flocks, and swarms (Fig. 6 C, E 

and F, and Fig. S14 to S16 A, C and D). Glioma cells moving along blood vessels is consistent 

with previous studies (21-23). Relative position analysis (Fig. S13B) showed a high density of 

nearby neighbors within a distance lower than 40μm. Moreover, cell velocities were positively 

correlated (Fig. S13C) within this region.  

Our data indicate the overall self-organization of collective motion at the glioma tumor border. We 

thus demonstrate the existence of an overall framework of self-organized collective motion at the 

glioma border, compared to previous descriptions (23, 24). Though the patterns observed at the 

tumor border are similar to those of the tumor core, cell speed differed between both areas. Cells 

in the tumor core display significantly lower average speeds (stream: 4.26; flock: 5.95, swarm: 

6.27 µm/h) than cells at the tumor border or invading the normal parenchyma (stream: 7.95; flock: 

7.55, swarm: 8.01µm/h) (Fig. S17). We conclude that oncostreams (streams and flocks) are self-

organizing collective migratory structures that participate in the dynamic organization of the tumor 

microenvironment and promote invasion into the normal brain. Thus, oncostreams help determine 

glioma malignant behavior, and contribute to worsen clinical outcomes (Figure 6G).  
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DISCUSSION  

Spatial tumor heterogeneity is an essential characteristic of tumor structure, that determines, in 

part, tumor malignant behavior (25, 26). How spatial heterogeneity is generated, however, remains 

poorly understood.  Herein we demonstrated that tumor dynamics play a prominent role in the 

organization of spatial tumor heterogeneity.  

We discovered the existence of a complex self-organizing network of collectively moving glioma 

cells, which we have termed oncostreams. These structures, fascicles of aligned, elongated cells, 

are present within the tumor core, and the tumor border and play a central role in the setting up of 

the typical spatial organization of tumor heterogeneity in gliomas, and thus, in the determination 

of overall glioma malignant behavior. The presence of self-organizing patterns of collective 

motion within gliomas define a novel dynamical aspect which we propose is central to the 

establishment of tumor heterogeneity.  

In summary, our data demonstrate that glioma cells move throughout the tumor mass utilizing 

streams and flocks, as self-organizing patterns of collective motion. These collective dynamic 

patterns organize the complex glioma heterogeneity landscape and contribute to tumor 

development and invasion. Our findings open new paths to understanding dynamic glioma tumor 

cell migration and self-organization, and thus, novel approaches to understanding the malignant 

behavior of gliomas. We propose the targeting of oncostreams and glioma self-organization as a 

new approach to developing novel therapeutics for gliomas. 
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Fig. 1. Gliomas exhibit complex self-organized dynamic patterns within the tumor core. A) 
Dynamic self-organizing collective motion patterns predicted by our in silico agent-based 
modeling (5), in which cell eccentricity and density determine pattern formation: 1. stream (↑↓), 
2. Flock (↑↑), 3. Swarm (↕↔). B) Experimental setup: NPA-GFP glioma cells were intracranially 
implanted in C57BL6 mice. Organotypic slice cultures were used for confocal time-lapse imaging 
of the tumor core. C) Single representative time-lapse confocal image of glioma cells within the 
tumor core. D) Tracking analysis of individual cell paths performed using the Track-Mate plugin 
from Image-J. E) Preferred direction of cells within three zones superimposed onto a 
representative time lapse-image.  F) Speed distribution and mean speed (µm/h) in Zones A, B and 
C. G) Distribution of angle velocity for each zone. The angle velocity of each cell is described by 
a unique angle denoted θ. Plot shows proportion of cells moving in every direction for each zone. 
H-I) Classification of collective motion patterns: stream, flock or swarm. The distribution is uni-
modal for a flock (only one peak) whereas it is bi-model for a stream (two peaks). For a swarm, 
the distribution is flat (no preferred angle velocity). In (I) angle velocity was transformed to a 
histogram; these data were then used to calculate the likelihood that a particular distribution of 
angle velocities corresponds to either a stream, a flock, or a swarm. The results are given in (J) for 
each zone. The frequency distribution of the data (shown in black lines) uses a non-parametric 
estimation (kernel density estimator). We tested three types of distributions ρ to describe the data-
sets and give a likelihood in each case. The best fit was then determined by the Akaike Weight 
(AW). K) Illustration of the method used to determine relative position and pairwise correlation 
of orientation. L) Frequency for each zone of the relative position between two cells. In the frame 
of a reference of one cell, we estimate the probability to have another cell xj nearby. M) Pair-wise 
correlation with nearby neighbors. Depending on the relative position xj-xj, we estimate the 
correlation between the velocity directions ωi and ωj. Axes indicate cell position and distance in 
µm of the neighboring cells. Dotted yellow line show the average size of the centered cell.  
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Fig. 2. Collective migratory multicellular structures, oncostreams, are present in mouse and 
human gliomas. A) H&E staining of a 5µm microtome section taken from an organotypic slice 
culture glioma model used for confocal imaging, and shown in Fig. 1C, E. Dotted white lines 
define different zone which display different dynamic patterns in Fig. 1E, i.e., a=swarm, b=stream 
and c=flock, and boxes are shown at higher power to the right. B) Masks generated by particle 
analysis in Image J were used to calculate the alignments shown in Fig. 2D. C) Histogram of cell 
eccentricity analysis of organotypic H&E stained glioma sections. Aspect ratio of cells are shown 
for a swarm (blue; ~1), a stream (yellow; >2) and a flock (red; >2). D) Alignment analysis of cells: 
Angle histogram plots show areas of high proportion of aligned cells (stream and flock) (narrow 
range of angle orientation), and areas of no preferred orientation (swarm).E) Representative 5µm 
H&E microtome sections from gliomas showing that elongated glioma cells forming oncostreams 
(dotted line) are present in several genetically engineered mouse glioma models (GEMM) such as 
NPA (NRAS/shATRx/shp53) and NPD (NRAS/shp53/PDGFβ), and the GL26 intracranial 
implantable model of glioma. Scale bars: 20 μm. F) Representative 5µm H&E microtome sections 
of human glioma (top, middle), and human xenografts (bottom) showing the presence of 
oncostreams. Scale bar: left 50 μm and right 20 μm. G-H) Histograms of cellular shape analysis 
(aspect ratio) and angle orientation (alignment) shows areas of oncostreams (OS) formed by 
elongated and aligned cells and areas with no oncostreams (No-OS) rounded and not-aligned cells. 
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Fig. 3. The density of oncostreams correlates positively with tumor malignancy in mouse 
genetic engineered glioma models. A) Schematic representation of the GEMM of glioma 
generated using the Sleeping beauty transposase system; i) genetic makeup of NPA and NPAI 
gliomas, ii) plasmid injection into the lateral ventricle of neonatal mice; iii) bioluminescence 
imaging of a neonatal mouse 1-day post injection, iv) bioluminescence detection at 70 days post-
injection. B) Kaplan–Meier survival plots of NPA and NPAI mouse gliomas shows that animals 
bearing IDH1-R132H mutant tumors have prolonged median survival (MS): NPA (MS: 86 days; 
n: 18) versus NPAI (MS: 213 days; n:12). Log-rank (Mantel-Cox) test; ****p<0.0001. C-D) Deep 
learning method for oncostream detection on H&E stained mouse glioma sections: C) 
Representative images of oncostreams manually segmented on H&E stained sections of NPA 
gliomas (first row). The output of our trained model for each image is shown below (probability heat 
maps). for tissue containing oncostreams (NPA), and not (NPAI), scale bar = 100 μm. D). Fourteen 
random fields per tumor section per animal were imaged, n=9 and 12 per condition and analyzed 
by deep learning analysis. Error bars represent ± SEM; unpaired t-test analysis, *p<0.05. E) Angle 
histogram plots shows aligned cells in NPA tumors vs non-aligned cells in NPAI glioma sections.  
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Fig. 4. The density of oncostreams correlates positively with tumor grade in human gliomas. 
A) Pie charts show percentage of tumors displaying oncostreams in relation to tumor grade. 
Oncostreams are present in 47% of GBM grade IV tumors, 8.6 % of LGG grade III, and are absent 
in LGG histology grade II. B) Low (first row) and high (second row) magnification of H&E images 
are shown for gliomas WHO grade IV, III, II from TCGA. Deep learning analysis for each of the 
high magnification images is shown in the third row. Our model was able to detect oncostreams in 
grade IV and III but not in grade II gliomas. C) Angle histogram plots show the alignment of cells 
on H&E histology sections of Grade IV and Grade III gliomas’ oncostreams and random alignment 
in grade II glioma sections lacking oncostreams.  
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Fig. 5. Oncostreams are heterogeneous and assist intratumoral distribution of tumor and 
immune cells. A) Angle histogram plots show that tumor cells, microglia/macrophages (IBA1+), 
and mesenchymal cells (ACTA2+), are all within, and aligned with, the main orientation axis of 
oncostreams. Scale bar: 20 μm.  B-C) Immuno-fluorescence staining of SOX2+ tumor cells 
(green), glial fibrillary acidic protein (GFAP+) cells (red), and microglia/macrophages (IBA1+) 
cells (red) in human glioblastoma GBM WHO Grade IV, IDH-WT (B) and in low grade glioma 
(LGG) IDH-mutant (C). Scale bars: 50 µm. D) Co-implantation of high malignant GL26-citrine 
cells (green) and human MSP12 glioma stem cells (ratio 1:30), and MSP12 cells alone (control). 
Immuno-histochemistry of human nuclei (black) denote MSP12 cells. Arrows show MSP12 
distribution within the brain or the tumor. Scale bar: 100 μm. E) Quantification of MSP12 distance 
from the site of implantation. n=3 for control and n=5 for co-implantation (MSP12+GL26).  Error 
bars ± SEM; t-test analysis, *p<0.05. F) Immuno-fluorescence images of human-Nestin (red) 
indicating MSP12 cells, and GL26-citrine cells. Note that MSP12 cells have a multipolar structure 
when alone, but a mainly bipolar structure when aligned to GL26-citrine cells. Scale bar: 47.62 
μm. G) Angle histogram plots show the quantified alignment of MSP12 with GL26 cells within 
oncostreams and no alignment of MSP12 cells implanted alone.  
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Fig. 6: Oncostreams contribute to glioma malignant behavior at the tumor invasive borders. 
A) Representative images of oncostream invasion (dotted line indicating an oncostreams at the tumor 
border) on H&E stained sections of NPA gliomas (left), and its detection by deep learning analysis. 
Scale bar=20 μm. B) Schematic representation of location of imaging of tumor borders. C) 
Representative time-lapse scan confocal image of glioma cells at the tumor border, taken from 
border movie #1. D) Histogram of speed distribution and mean speed (µm/h) of Zone A, B, C and 
D. E) Angle Velocity distribution analysis (θ) performed by zones. Plot shows overall direction 
and magnitude of cells’ movement. F) Likelihood analysis of the dynamic patterns at the tumor 
border. Graph of density estimation ρ flock (red), ρ stream (yellow) and ρ swarm (blue). The 
estimation in black line uses a non-parametric estimation. AW: 0 or AW:1. G) Schematic 
representation of self-organized patterns of collective migration in highly malignant gliomas. Our 
study defines the existence of three types of collective patterns at the tumor core (in red font), and 
at the tumor border (in blue font), i.e., streams, flocks, and swarms.  
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