Tumor cell network integration in glioma represents a
stemness feature

Ruifan Xie, Tobias Kessler, Julia Grosch, Ling Hai, Varun Venkataramani, Lulu Huang,
Dirk C. Hoffmann, Gergely Solecki, Miriam Ratliff, Matthias Schlesner®, Wolfgang Wick® and
Frank Winkler

Neurology Clinic and Neurooncology Program and National Center for Tumor Diseases, University Hospital Heidelberg,
Heidelberg, Germany (R.X., TK., J.G., V.V, L.H., G.S., W.W., EW.); Clinical Cooperation Unit Neurooncology, German
Cancer Consortium (DKTK), German Cancer Research Center (DKFZ), Heidelberg, Germany (R.X.,TK., J.G., V.V,, L.H.,
D.C.H., G.S., M.R.,, W.W., EW.); Department of Neurosurgery, Sino-German Neuro-Oncology Molecular Laboratory,
Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China (R.X.); Faculty
of Biosciences, Heidelberg University; Heidelberg, Germany (TK., L.H., M.S.); Bioinformatics and Omics Data Analysis,
German Cancer Research Center (DKFZ), Heidelberg, Germany (L.H.); Department of Functional Neuroanatomy, Institute
for Anatomy and Cell Biology, Heidelberg University, Heidelberg, Germany (V.V.); Department of Oncology, Tongji
Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China (L.H.); Neurosurgery
Clinic, University Hospital Mannheim, Mannheim, Germany (M.R.)

Present affiliation: Business Unit Service and Customer Care, Carl Zeiss Microscopy GmbH, Jena, Germany (G.S.)

Corresponding Author: Prof. Dr. Med. Frank Winkler, Neurologische Klinik, Im Neuenheimer Feld 400, 69120 Heidelberg, Germany
(frank.winkler@med.uni-heidelberg.de).

Abstract

Background. Malignant gliomas including glioblastomas are characterized by a striking cellular heterogeneity,
which includes a subpopulation of glioma cells that becomes highly resistant by integration into tumor microtube
(TM)-connected multicellular networks.

Methods. A novel functional approach to detect, isolate, and characterize glioma cell subpopulations with respect
to in vivo network integration is established, combining a dye staining method with intravital two-photon micros-
copy, Fluorescence-Activated Cell Sorting (FACS), molecular profiling, and gene reporter studies.

Results. Glioblastoma cells that are part of the TM-connected tumor network show activated neurodevelopmental
and glioma progression gene expression pathways. Importantly, many of them revealed profiles indicative of in-
creased cellular stemness, including high expression of nestin. TM-connected glioblastoma cells also had a higher
potential for reinitiation of brain tumor growth. Long-term tracking of tumor cell nestin expression in vivo revealed
a strongerTM network integration and higher radioresistance of the nestin-high subpopulation. Glioblastoma cells
that were both nestin-high and network-integrated were particularly able to adapt to radiotherapy with increased
TM formation.

Conclusion. Multiple stem-like features are strongly enriched in a fraction of network-integrated glioma cells, ex-
plaining their particular resilience.
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Malignant gliomas including glioblastomas are charac-
terized by high resistance to all standard therapies.'
This is most likely attributable to a particularly resistant
subpopulation of tumor cells.*8We have recently found that
particularly treatment-resistant glioma cells extend long
tubular membrane protrusions called tumor microtubes
(TMs). Tumor cells use distinct neurodevelopmental path-
ways to extend those TMs in a dynamic fashion, invading
and colonizing the brain, and interconnecting with them to
one communicating multicellular network.”"" Importantly,
only about one half of the tumor cells is extending these
interconnecting TMs and thereby becomes part of a mul-
ticellular glioma network, both in human and mouse dif-
fuse astrocytomas and glioblastomas; the other half stays
isolated.” The TM-proficient and TM-connected glioma cell
subpopulation is the one that resists the cytotoxic effects
of radio- and chemotherapy and repairs surgical damage,?
thus constituting the resistant backbone of the disease. In
humans, TM networks are especially prominent in prog-
nostically unfavorable 1p/19q intact astrocytomas and glio-
blastomas and largely absent in oligodendrogliomas, and
increase with tumor grade; moreover, TMs and TM networks
serve also as the site of neuron—glioma synaptic input, again
also demonstrated for patient material.82'3

Cellular stemness has previously been described for
membrane tube-extending nonmalignant cells in the de-
veloping Drosophila testis.’ In light of the common con-
cept that enhanced resistance against standard therapies
is particularly found in glioma stem-like cells (named
“CSCs” in this manuscript) which drive tumorigenesis
and development similar to normal stem cells except fol-
lowing a strict hierarchy, and are key for tumor recurrence
and poor patient prognosis,'®>'7 a more stem-like state of
TM-connected glioma cells appears possible. This interre-
lation is so far undetermined but relevant for the field of
Neuro-Oncology.

Here, using a newly developed methodology to isolate
TM-connected vs TM-unconnected glioma cells, we show
that TM-connected tumor cells are a functionally and mo-
lecularly distinct subpopulation characterized by high ex-
pression of markers indicative of cellular stemness, higher
tumor-initiating properties, relative stability over time, and
particular resistance and adaptability to cytotoxic stress.
These findings provide an important link between hitherto
unconnected key factors of morphological and molecular
tumor cell heterogeneity in gliomas.

Methods

For additional information, see Supplementary Methods.

Cell Culture and Constructs

The human primary glioblastoma cell lines (S24, T269)
were cultured as spheroids under stem-like conditions.”
Tumor cells were labeled with colors by lentivirus trans-
duction for in vivo imaging, pLKO.1-puro-CMV-TurboGFP_
shnon-target-vector (Sigma), LeGO-T2 vector (Addgene),
and CX-nestinGFPas reporter plasmid (Addgene) were
transduced as described.” Serum-containing DMEM
(Sigma) was used to induce the differentiation of S24-
nestin reporter cells.

In Vivo Tumor Formation, Imaging, and Radiation
Treatment

All in vivo experiments in this study were approved by
the Regierungsprasidium Karlsruhe, Germany and com-
pliant with the institutional laboratory animal research
guidelines. Viable tumor cells in single-cell suspension
were injected into the cortex of NMRI and NOD/SCID nude
mice, which were previously implanted with chronic cra-
nial window as described before.” Following tumor for-
mation, SR101 (Invitrogen) dissolved in saline solution
was injected into the mice intraperitoneally at a dose of
0.12 mg per gram body weight. Three-dimensional images
were acquired by multiphoton laser scanning microscopy
(MPLSM) at the wavelengths of 850 nm (green fluorescent
protein [GFP]) and 950 nm (tdTomato/SR101). For radiation
treatment, a dose of 7 Gy was applied to mice at a rate of 3
Gy per minute for 3 continuous days.

Xenograft Isolation and Preparation

Mice were killed and perfused followed by sample isola-
tion. Samples were either sequentially dehydrated and
frozen under -80°C for immunostaining experiment or
were mechanically digested into cell suspension with
brain tumor dissociation kit and device (Miltenyi) for FACS
sorting and subsequent sequencing analysis.
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FACS Sorting and Sphere-Forming Assay

Single-cell suspension was incubated with Calcein Violet
450 AM and TO-PRO®-3 lodide (Invitrogen) before sorting.
FACSAria cell sorting (BD Biosciences) was used to collect
different populations according to diverse fluorescent in-
tensities.YG586/15, tdTomato, and enhanced GFP channels
were used to visualize SR101, tdTomato, and GFP signals,
respectively.

For sphere-forming assay, the sorted cells were placed in
96-well plates (1 cell per well) and cultured under stem-like
conditions. The spheres number was quantified after
30 days.

Validation of Nestin Reporter Expression

S24-nestin reporter cells either from culture or xenograft
were processed with fixation, permeabilization, and sub-
sequent staining with anti-nestin-Alexa Fluor 647 anti-
body (BD Biosciences) at 4°C. The overlap between GFP
and nestin-Alexa Fluor 647 signals was identified by
FACSCanto (BD Biosciences). Analysis was performed by
FlowJo v9.0 software.

mRNA Profiling, Data Preprocessing, and
Analysis

For bulk sequencing, samples were subjected to mRNA
extraction (Qiagen) followed by dsDNA generation
(Clontech), libraries preparation (NEB), sequencing in
50 bp single-end mode (lllumina), reads mapping, count
data annotation, and group-wise comparison.

For single-cell sequencing, samples were prepared into
single-cell gel beads (10x Genomics) followed by barcoded
cDNA generation, sequencing (lllumina), alignment, quan-
tification, and further clustering.

Ingenuity pathway analysis (IPA, Qiagen) and gene set
enrichment analysis (GSEA) were performed to investi-
gate diverse phenotypes reflected in the RNA-Seq gene list
such as stem cell score and cell cycle.

Immunofluorescent Staining and Imaging

Samples (patient sections, xenografts, and cells) were
subjected to standard protocols as previously described.”
Human nestin (Abcam), Musashi (Millipore), SOX2 (Cell
Signaling), Ki67 (Abcam), HLA Class 1 ABC (Abcam),
IDH1R'32H (Dianove), and DAPI (Life Technologies) were
selected for staining. The images of interest were recorded
by confocal microscope (Leica).

Image Processing and Analysis

MPLSM images were captured with ZEISS ZEN software
and subjected to Imaris or Fiji, for the purpose of removing
unspecific background, identifying connectivity, counting
TM and cell number, measuring signal intensity and mo-
bility distance, cropping and generating illustrations in 3D
or orthogonal view.

Statistical Analyses

All data with exception of RNA/scRNA Seq data (see above)
were analyzed with GraphPad Prism 6 software. Mice were
randomly allocated to control and irradiation groups.
Sample size was designed based on our previous experi-
mental experience. Quantitative data are presented as the
mean + SEM from at least three replicates. Sample sizes, P
values, statistical tests, and error bars are described in the
figure legends.

Results

A Novel Methodology for Intravital Selection of
Network-Connected Glioma Cells

To characterize the specific cellular and molecular features
of TM-connected vs -unconnected glioma cells, we first
aimed to establish a methodology that allows to clearly
distinguish these two principal tumor cell populations
during glioma growth in the mouse brain. We have demon-
strated before that glioma cells in TM-connected networks
(Fig. 1A, human tumor sample) exchange gap junction-
permeable small molecules with each other,”'® similar to
what is known from the functional syncytia of normal brain
astrocytes. Those can take up an injected gap junction-
permeable dye (sulforhodamine, SR101) from the circula-
tion, which has been used for their in vivo labeling.” We
wondered whether a similarly straightforward intravital
staining technology could also be used to label glioma cell
networks.

Stably GFP-expressing primary glioblastoma cell lines
were implanted into the mouse brain, and their growth
was monitored by in vivo two-photon microscopy over
time. TM-connected and -unconnected glioma cells could
be clearly distinguished by analysis of high-resolution
three-dimensional microscopy datasets (Fig. 1B). TM-rich
and interconnected glioma cells had a significantly higher
SR101 uptake than those glioma cells without a detectable
TM-based connection to other glioma cells (Fig. 1C-E).
Furthermore, SR101 uptake was highest in the bulk/core
tumor area, whereTM-based tumor cell interconnectivity is
most extensive (Supplementary Fig. 1A and B). Astrocytes
were clearly distinguishable from tumor cells by their GFP
negativity (Fig. 1C). Of note, tumor cells not connected to
other tumor cells by TMs showed also significantly less
GFP fluorescence intensity than TM-rich, connected tumor
cells (Fig. 1C, F, and G). We took advantage of this obser-
vation and used it together with SR101 fluorescence in-
tensity to separate TM-connected (SR101hgh, GFPhigh)
from TM-unconnected glioma cells (SR101'®%, GFP'ow)
by FACS after brain removal and acute cell dissociation
(Fig. 1H). Here, the glioma cell subpopulation enriched for
TM-connected cells showed relatively higher values of for-
ward and side scatter parameters in FACS analysis (Fig. 11),
compared to that enriched for TM-unconnected cells, and
also larger calcein violet uptake (Fig. 1J). Together this ar-
gues for distinct differences in cellular properties, particu-
larly a larger cell size and also a higher principle viability of
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Fig. 1 TM-connected tumor cells exhibit distinct labeling characteristics. A, Representative image of TM-connected glioma cell network in a

sample of a patient suffering from an IDH WT glioblastoma (140 x 140 x 60 um volume; nestin staining). B, Representative images of TM-connected
(arrows) and TM-unconnected (arrowheads) primary glioblastoma cells (GFP+, green) of two CSC lines, S24 and T269, during growth in the live
mouse brain. Scale bars, 50 pm. C, Representative images of heterogeneous uptake of the fluorescent dye SR101 (red) by TM-connected (ex-
amples are shown with arrows) vs TM-unconnected (examples are shown with arrowheads) primary glioblastoma cells (GFP*, green) of both
GSC lines during growth in the live mouse brain. SR101-positive normal astrocytes are GFP-negative and therefore red only. Scale bars, 25 pm.
D-G, Quantification of SR101 and GFP fluorescence intensities measured in vivo. H, FACS analysis of SR101 and GFP signal intensities, allowing
to differentiate tumor cell subpopulations enriched for TM-connected (SR101Meh, GFPMish) and TM-unconnected (SR101'°%, GFP'®") tumor cells.
Representative analysis of 3 independent mice. | and J, Morphology (I) and viability (J) of TM-connected vs -unconnected glioblastoma cells as
analyzed by FACS, representative of 3 independent mice. In B-G, data obtained by in vivo MPLSM, two-tailed unpaired Student's ¢ test were used.
*¥*¥P < .0001. Data are presented as mean + SD of n =3 independent samples.

TM-connected glioblastoma cells, when compared to the
TM-unconnected ones.

TM Connectivity Is Associated With
Tumorigenicity and Poor Survival

Next, we investigated the capability of sortedTM-connected
(SR101Migh, GFPhigh) vs -unconnected (SR101'°w, GFPlow)
glioma cells to successfully re-establish tumors in vivo.
Despite reimplantation of very few initiating tumor cells
(200-3000 cells/mouse), obvious tumorigenesis accom-
panied by poor survival was seen in the mice receiving
SR101Meh/GFPhigh cells. By contrast, no animal mortality
or detectable tumor growth was observed in the mice im-
planted with SR101'°%/GFP'°% cells (Supplementary Figure

2A). Due to the low number of animals, this reimplantation
study needs to be regarded as exploratory. Of note, the het-
erogeneity of glioma cells regarding their TM content and
network integration was reconstituted by the re-implanted
TM-connected population (Supplementary Figure 2B and
C). No such experiments could be performed for mice re-
ceiving TM-unconnected glioma cells for their lack of tu-
morigenesis in mice. No significant differences could
be observed with in vitro sphere formation experiments
(Supplementary Figure 1C).

Collectively these findings hint toward an increased
ability of TM network-integrated glioma cells to reinitiate
tumor growth and give rise to a heterogeneous tumor cell
population, two important features proposed for stem-like
cancer cells."”
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Fig.2 Gene expression profiles of network-integrated glioma cells reflect known biological TM functions and a stemness signature. A, Heat map
of biological functions from ingenuity pathway analysis (IPA) comparing TM-connected (SR101"¢", GFP"i9h) and -unconnected (SR101'%, GFP'w)
S24 tumor cells. RNA-Seq data are obtained from triplicate samples. A highly positive Z-score indicates relative activation in the TM-connected
population (red), a highly negative Z-score indicated relative deactivation (blue). B, Bar plot of the most-activated pathways in TM-connected
cells compared to the TM-unconnected group shown by IPA. C, Top differentially expressed genes between TM-connected vs -unconnected
glioma cell subpopulations. The top 20 upregulated (a) and top 10 downregulated (b) genes of TM-connected cells are shown. Fold change of the
mean normalized value for each gene is shown. For the full dataset, see Supplementary Table 1. D-G, Gene set enrichment analysis of RNA-Seq
data indicates that genes associated with mouse and human embryonic stem cells (Wong ESC Core) and cell cycle (Reactome cell cycle) are en-
riched in the TM-connected subpopulation. NES, normalized enrichment score. Pvalues are calculated based on 1000 permutations by the GSEA
algorithm and were not adjusted for multiple comparisons.
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Network-Integrated Glioblastoma Cells Have
Distinct Gene Expression Patterns

We next used the novel opportunity to separate
TM-connected from -unconnected glioma cells by FACS
(Fig. 1), and performed comparative bulk RNA sequencing
of both principle tumor cell populations. Both populations
showed distinct gene expression differences, and IPA re-
vealed that biological functions including “cellular move-
ment,” “cell-to-cell signaling and interaction,” “nervous
system development and function,” “immune cell traf-
ficking,” “molecular transport,” “formation of cellular pro-
trusions,” and “microtubes dynamics” were predominately
activated in the TM-connected group, corresponding to the
known functions of TMs reported in our previous work,”'8
next to other genes associated with tumor progression
(Fig. 2A-C, SupplementaryTable 1, Supplementary Figure 3).

Significant enrichment of gene signatures asso-
ciated with embryonic stem cell states®® was found
in the TM-connected group when compared to the
TM-unconnected group (Fig. 2D and E). Furthermore,
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significant differences between the groups were detected
for GSEA of cell cycle-associated genes (Fig. 2F and G).
Together these data suggested that functional TM connec-
tivity in gliomas is linked to a distinct gene expression pat-
tern of this tumor cell subpopulation that is consistent with
TM proficiency and cellular stemness."”

For deeperinsights into the two principal glioblastoma cell
populations defined by TM connectivity, single-cell RNA-Seq
analysis of TM-connected vs TM-unconnected tumor cells
was performed. UMAP (Uniform Manifold Approximation
and Projection) analysis revealed that TM-connected and
TM-unconnected glioblastoma cells show only minor
overlap and different cellular subpopulations (Fig. 3A). To
examine the expression level of stemness markers in these
populations, we compared the expression levels of nestin
in those cell clusters, one of the best-established markers
of stemness’™'” and therapy resistance'®?' in malignant
gliomas. RNA expression patterns of nestin correlated
with the distribution of TM-connected tumor cell clusters
(Fig. 3B), and overall mean nestin expression was signifi-
cantly higher in TM-connected glioblastoma cells (Fig. 3C),
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Fig. 3 Single-cell transcriptome analysis of TM-connected and TM-unconnected tumor cells. A, UMAP (Uniform Manifold Approximation and
Projection) visualization of TM-connected (red) and TM-unconnected (blue) S24 glioblastoma cells. B, Expression of nestin on UMAP from A. C,
Violine blot showing the level of nestin expression in TM-connected and TM-unconnected S24 glioblastoma cells. D, UMAP visualization of single
tumor cell GJAT (Cx43) expression patterns. E, Violin blot of the expression of GJA1 (Cx43) in TM-connected and TM-unconnected S24 glioblas-

toma cells which show any detectable gene expression. ****P < .001.
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which is well in line with their higher stemness signatures
reported above. Finally, the principle connexin for con-
necting TMs to multicellular networks in gliomas, Cx43,’
was significantly higher expressed in TM-connected glio-
blastoma cells (Fig. 3D and E), confirming the cellular iden-
tity of the cells analyzed.

TM-Positive Glioma Cells Express Higher Stem
Cell Markers in Humans and Mice

To verify that TM-positive glioma cells in tumor tissue
from glioma patients and mouse models show gene
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expression patterns indicative of cellular stemness, pro-
tein expression of nestin, and also the putative stem
cell markers Musashi and Sox2 was determined by
immunohistochemistry (IHC). The extent of nestin pro-
tein expression was positively associated with TM for-
mation in tumor cells (Fig. 4A and B), and Musashi
and Sox2 protein expression was also significantly
increased in tumor cells with detectable TMs in the
sections analyzed (Fig. 4B and Supplementary Figure
4). Finally, increased nestin protein expression was
also confirmed in the TM-connected FACS-sorted tumor
cell population according to SR101 and GFP positivity
(Fig. 4C and D).
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Fig.4 TM formation is associated with expression of nestin and other stem cell markers in glioma tissue. A, Representative nestin immunofluo-
rescence images in glioma cells from implantation xenografts derived from primary tumor cell lines (S24, T1) and patient samples of /DH-mutated
anaplastic astrocytoma or glioblastoma. HLA and highly tumor cell-specific IDH1R132H stainings (green) were used to clearly identify tumor
cellsin mouse and human samples: Nestin (red), DAPI (blue). Exemplary, TM-positive glioma cells are marked with arrows, TM-negative cells with
arrowheads. Scale bars, 50 pm. B, Percentage of tumor cells with identifiable TMs in histological sections (TM+) vs those tumor cells where no
TMs were identified (TM-) with respect to detectable immunohistochemical expression of nestin, Musashi and Sox2. C, Representative images of
nestin immunofluorescence staining of FACS-sorted, TM-connected (SR101"9", GFP"9") vs -unconnected (SR101"°", GFP'®") tumor cells from CSC
xenograft glioma models. Please note that after FACS sorting, cells were directly stained without preculture and are thus always rounded and iso-
lated, so TM proficiency/interconnectivity cannot be analyzed. Nestin (red), DAPI (blue). D, Quantification of detectable nestin protein expression
of both groups (shown in C). Two-tailed unpaired Student’s ttest (B) and two-way ANOVA with Tukey's multiple comparisons test (D) were used.
**P< 01, ***P< 001, ****P< .0001. Data are presented as the mean + SD (B) or mean + SEM (D) of n = 3-5 independent samples.
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Fig.4 Continued.

In Vivo Nestin Reporter Positivity Reflects
Distinct Tumor Cell States

To dynamically monitor cellular stemness in relation to
TM network properties in vivo, tdTomato-expressing pri-
mary glioblastoma cells were transduced with a reporter
vector where GFP expression is driven by the nestin pro-
moter (Fig. 5A). Initially, these tumor cells were strictly kept
under stem-like condition in vitro, leading to a very high
level of nestin expression indicated by high GFP positivity
(Fig. 5B). After 1 week of serum-containing culture which
leads to a less stem-like cellular state of glioblastoma cells
(Supplementary Figure 5),%2 a reduction of GFP intensity
was observed (Fig. 5C and D), reconfirming the use of GFP
expression intensity as a marker for distinct stem-like cel-
lular states of glioma cells.

After implantation of these cells into the mouse brain,
single tumor cells in distinct tumor regions could be dy-
namically tracked over time by repetitive in vivo two-
photon microscopy (Fig. 5E). In the days after injection,
nestin reporter intensity remained at high levels and was
detectable in the vast majority of tumor cells. This pattern
changed when the tumor started to grow and to infiltrate
the brain; at this time point, an increasing fraction of gli-
oblastoma cells fell with the GFP signal below the detec-
tion threshold (referred to as nestin reporter-negative
[nestin”] cells vs clearly GFP-positive [nestin*] cells)

(Fig. BE and F). TM connectivity was strongly associated
with nestin reporter positivity in vivo (Fig. 5G), confirming
the immunostaining experiments of Fig. 4. After tumor re-
moval and FACS analysis of GFP-positive brain tumor cells,
in vivo nestin~ cells showed lower values in forward and
side scatter parameters, and less calcein violet uptake than
the in vivo nestin* population (Fig. 5H). For validation of
the in vivo nestin reporter system, including the trans-
duction stability of tumor cells, a strong overlap between
nestin reporter GFP signal and nestin expression meas-
ured by immunofluorescence in glioblastoma cells separ-
ated from the mouse brain was demonstrated (Fig. 51), and
regain of GFP fluorescence after their exposure to 2 weeks
of stem-like conditioned culture in vitro (Fig. 5J).

The nestin* population demonstrated a trend to
higher sphere-forming potential than nestin- cells
(Supplementary Figure 6A and B). Of note, Ki67 expression
was particularly evident in the nestin* tumor cell popula-
tion (Supplementary Figure 6C), which is a feature that has
recently been associated with cancer cell stemness®23-25
but can also speak for a cycling cancer cell subpopulation
within the nestin* cells.® Interestingly, TMs had been asso-
ciated with tumor cell proliferation in gliomas before.”?¢
Overall, nestin* glioblastoma cells were more static than
nestin- ones, and some could be tracked over many
weeks, including those with cell divisions (Supplementary
Results; Supplementary Figure 7).
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Fig. 5 A reporter system for dynamic intravital tracking of nestin expression. A, S24-tdTomato cells cultured under stemness conditions in
vitro express GFP driven by the nestin promoter. B-D, Relationship of GFP signal and in vitro nestin expression of tumor cells as determined by
antibody staining. FACS analysis of tumor cells cultured under stemness condition (B), or after growth under differentiating serum-containing
culture conditions for 1 week (C and D). E, Representative in vivo MPLSM images of S24 nestin reporter cells growing in the mouse brain in a
tumor microregion over a period of 53 days. Nestin-GFP is shown in green, tdTomato is shown in red. Scale bars, 50 pm. F, Quantification of the
relative change of tumor cell numbers in the same tumor microregions from Day 35 to Day 50, separately for the nestin* (green and yellowish) and
nestin~ (red) tumor cell subpopulation. Dotted line represents the relative percentage value of nestin* at Day 35. G, Relative fractions of connected
nestin* vs -nestin- subpopulations, and of unconnected nestin* vs -nestin~ subpopulations within tumor cells per volume at Day 35. H, Viability
and morphology of nestin* vs nestin~ tumor cells at Day 57 of in vivo growth, analyzed by FACS. |, Relationship of GFP signal and in vivo nestin ex-
pression of tumor cells as determined by antibody staining. FACS analysis of GFP* vs GFP- glioma cells from xenograft. J, Glioma cells that were
nestin- (GFP-) after isolation from the mouse brain express GFP after re-exposition to stem-like culture conditions in vitro for 2 weeks. Scale bars,
20 pm. In F-H, one-way ANOVA with Tukey’s multiple comparisons test or two-way ANOVA with Sidak’s multiple comparisons test were used.
*P<.05. Data presented as mean + SEM of n = 7-12 tumor regions from 2-3 animals.

Nestin Expression, TM Networks, and Radiation

Resistance

To investigate how standard therapy differentially af-
fects the various glioma cell subpopulations, a mouse

equivalent dose to human radiotherapy was applied. First,
nestin~ cells largely died over the next days, compared to
nestin* cells where the vast majority survived until Day 15
after irradiation, leading to a relative increase of the nestin*
population (Fig. 6A and B and Supplementary Figure 6D).


http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa275#supplementary-data

a
3
3
° L
e o
|5 z
S 8
=
(0]
3
3
5}
3
[
g
T z
[0}
2
>
o)
M
T
B C IR
IR
o Ak khk o
s 1.5 40 n ] * Nestin—DO
g ’ . B B Nestin+ § %0 . N Ees’;i.m 3(1)5
@ Nestin- & * Nestin—
g 1.01 z - . * Nestin+ D15
§ S 20
= & .
—] » I N
8 0.51 < 10 \ 4 I N
2 T o i J X
& N a 1
© 0.0 T r 0 5
é DO D15 1 2 3-4 >4
TM number
D IR
4
° . ~ 100 -
Q _ 9
o2 3 ee  + Nestin— o 80
on . 3 Q2
So e« Nestin+ 8 E 60
g S P - 2
5 ® ° -
o & © ~ 40 B
e o
- E 1 q4eeeediiiiiidneiniiniiiniiin PO P PR RRRRRREE g 20 ~:
2 N as o S
o A AA
- 0
0 SAa A “Q(\/ &
>3 S B
2 & ¢
TM number

DO D15

Fig. 6 Response to radiotherapy correlates with in vivo nestin expression and network connectivity. A, Representative MPLSM images of dy-
namic, morphological, and gene expression changes of nestin reporter S24 glioblastoma cells in control (upper panel) and irradiated (3 x 7 Gy at
Days 0-2; lower panel) tumors in the live mouse brain. Examples of nestin*/TM* cells that survive radiation are marked with arrows. Scale bars,
100 um. B, Relative cell numbers of nestin* and nestin~ S24 glioma cells in the same tumor microregion over 15 days vs Day 0 before radiation, re-
spectively. C and D, Relative fractions of nestin* vs nestin-tumor cells with TMs of 0, 1, 2, 3-4, and >4 per volume prior and post-irradiation (C), and
relative change overview of nestin* vs nestin~ subpopulations with TMs of 0-1, 2, and >3 after radiation (D). E, Relative fractions of TM-connected
nestin* vs nestin- tumor cell subpopulations per brain volume prior and post-irradiation. In B-E, one-way ANOVA with Tukey's multiple compari-
sons test or two-way ANOVA with Sidak’s multiple comparisons test were used. *P< .05, **P< .01, ***P< 001, ****P< .0001. Data are presented
as mean = SEM of n =12 tumor regions from 3 mice per group.



Moreover, only nestin* tumor cells collectively increased
their TM number after irradiation, which has been de-
scribed as a mechanism of adaptive resistance before’; the
nestin- cells failed to execute this cellular response to ra-
diotherapy (Fig. 6C). Of note, nestin* cells survived better
with or without tumor network integration, making glioma
cell nestin positivity to a factor of radioresistance that can
be independent of the network integration of tumor cells
(Fig. 6D). In effect, the combination of both cellular/mo-
lecular mechanisms of radioresistance leads to an enrich-
ment of nestin* TM network-integrated glioma cells after
radiotherapy over time (Fig. 6E). In summary, these data
speak for nestin* glioblastoma cells harboring a higher ca-
pacity for survival and for cellular plasticity after irradiation
damage, with multiple relations to the glioma network.

Discussion

Tumor heterogeneity, including the likely existence of a
resistant stem-like glioma cell subpopulation, and diffuse
tumor cell invasion leading to efficient brain colonization
have been regarded as the main reasons for inevitable re-
currence of malignant gliomas after therapy.”'>%27 Qur
study unveiled that the subpopulation of brain-colonizing
glioblastoma cells that are part of a functionally connected
tumor cell network are strongly enriched for stem-like cel-
lular features. Together these data provide the first link
between the emerging fields of tumor cell network con-
nectivity and tumor cell heterogeneity in gliomas, which
will help to optimally identify those tumor cells that are
both of particular importance for tumor progression and
later constitute the resistant backbone of the disease.

Intra- and intertumoral heterogeneity has been found
in many tumor entities, including gliomas. While we are
just at the beginning of understanding its functional role,
single-cell RNA sequencing has revealed that distinct
glioma cell subpopulations exist and can be separated
from each other in glioblastoma, but also IDH (isocitrate
dehydrogenase)-mutant lower-grade astrocytoma, oligo-
dendroglioma, and diffuse intrinsic pontine glioma.628-31 |n
these studies, glioma cell subpopulations with a stemness
signature were reproducibly detected. Moreover, earlier
studies had found that small subpopulation of glioma
cells might be capable of accelerate growth of the entire
tumor.32The results of the current study suggest that those
molecularly defined stem-like cancer cell states are related
to distinct network connectivity patterns of glioma cell
subpopulations.

Interestingly, the typical diffuse brain infiltration of in-
curable gliomas seems to share features with the migra-
tion of stem and progenitor cells during central nervous
system (CNS) development, particularly radial glia cells
or nonmalignant CNS stem cells during damage repair.3
Our study adds to the concept by showing that tumor cells
bearing TMs which are the known subpopulation that is
capable of efficient brain invasion’?¢ are characterized by
molecular and functional signs of stemness. The in vitro
sphere formation ability of TM-connected and -uncon-
nected tumor cells did not markedly differ, which might be

attributable to the fact that purified populations just reflect
temporary cellular states, and also that in vivo stemness
features in the brain can differ from those that are measur-
able in in vitro growth assays.3*

It remains to be seen how many of the TM-connected
and nestin* glioma cells possess true stem-like states and
capabilities, and whether more than one distinct stem cell
subpopulations can be found within the population of
TM-connected tumor cells. Finally, while we made experi-
mental use of the fact that unconnected glioma cells showed
lower GFP expression than connected ones, the biological
basis for this observation is not clear and needs to be deter-
mined, as the identity of the very rare tumor cell populations
that are SR101-positive but GFP low, and vice versa.

In conclusion, this study links the emerging fields of
tumor cell networks and cellular heterogeneity in gliomas
for the first time. By demonstrating that TM-connected
glioma cells harbor multiple features previously asso-
ciated with (tumor) cell stemness, a novel explanation
for the remarkable ability of stem-like cancer cells for
survival under cytotoxic stress, self-repair, and general
tumor progression is provided.*>'5-'7 In consequence,
this study adds another core feature to cancer stem-like
cells in glioma: network connectivity. All in all, the
subpopulation of glioma cells that is both TM network-
integrated and nestin"9" emerges as the most relevant
tumor cell subpopulation that should be studied with pri-
ority in the future. Targeting of this subpopulation holds
the promise to effectively tackle tumor progression and
resistance in incurable gliomas.
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