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Diffuse astrocytomas, including the most aggressive glio-

blastomas (GBs), are primary brain tumors that cannot be 

completely resected, and thus remain incurable.1 Standard 

treatments consist of surgery, followed by radio- and 

chemotherapy.2–4 Despite this intensive treatment, tumor 

resistance and recurrence limit its efficacy. One major 

cause for treatment failure is the early and widespread 

dissemination of tumor cells, making gliomas a disease of 

the whole brain.5,6

Total surgical tumor resection improves survival in GB 

patients.7,8 However, most GBs recur at or around the resec-

tion margin, even after gross total resection of the contrast-

enhancing tumor mass.9–11 This recurrence pattern, which 

is seemingly in contrast to the whole-brain character of the 
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Abstract

Background. Primary and adaptive resistance against chemo- and radiotherapy and local recurrence after surgery 

limit the benefits from these standard treatments in glioma patients. Recently we found that glioma cells can 

extend ultra-long membrane protrusions, “tumor microtubes” (TMs), for brain invasion, proliferation, and inter-

connection of single cells to a syncytium that is resistant to radiotherapy. We wondered whether TMs also convey 

resistance to the other 2 standard treatment modalities.

Methods. Patient-derived glioblastoma stemlike cell (GBMSC) lines were implanted under a cranial window in 

mice. Longitudinal in vivo two-photon laser scanning microscopy was used to follow tumor growth, including the 

fate of single glioma cells over months.

Results. After a cylindrical surgical lesion, GBMSCs increasingly extended TMs toward the lesion area, which con-

tributed to the repopulation of this area over many weeks. In fact, an excessive “healing response” was observed 

in which tumor cell densities significantly exceeded those of unlesioned brain regions over time. Inhibition of TM 

formation and function by genetic targeting of growth associated protein-43 robustly suppressed this surgery-

induced tumor growth reaction, in contrast to standard postsurgical anti-inflammatory treatment with dexametha-

sone. After one cycle of temozolomide chemotherapy, intra- and intertumoral heterogeneity of TM formation and 

interconnection was strongly associated with therapy response: when tumor cells were integrated in TM networks, 

they were more likely to resist chemotherapy.

Conclusion. TMs can contribute to the resistance against standard treatment modalities in gliomas. Specific inhibi-

tion of TMs is a promising approach to reduce local recurrence after surgery and lower resistance to chemotherapy.
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disease, is insufficiently understood. To date, it was mainly 

explained by the higher density of tumor cells in the direct 

vicinity of the resected main tumor mass.12 Consequently, 

therapeutic strategies to prevent or delay those frequent 

local recurrences have been developed, most notably 

the implantation of carmustine wafers into the resection 

cavity,13,14 and recently intraoperative radiotherapy (the 

INTRAGO study15). The limited or unknown efficacy and 

toxicity of those approaches compromise their widespread 

use in the clinic today.

Temozolomide (TMZ) is the standard alkylating agent 

used for GB chemotherapy. Despite increasing patient sur-

vival, treatment efficacy is limited, as gliomas frequently 

show primary or adaptive resistance to TMZ therapy.16  The 

most important driver of resistance that is known today 

is the O6-methylguanine-DNA methyltransferase (MGMT) 

protein. MGMT repairs DNA damage caused by TMZ treat-

ment, thereby avoiding tumor cell apoptosis. Thus, glio-

mas with a lack of MGMT expression due to gene promoter 

hypermethylation are the ones that respond best to TMZ 

therapy.17–20 Nevertheless, there are GBs and other glio-

mas that do not respond to TMZ despite MGMT promoter 

hypermethylation, and all tumors eventually recur despite 

TMZ therapy,21,22 indicating that additional mechanisms of 

resistance must be involved. New approaches are needed 

to better sensitize gliomas to TMZ.

One candidate mechanism for treatment resistance 

in gliomas is the formation of tumor microtubes (TMs). 

These are ultra-long, thin, and highly dynamic membrane 

protrusions extended into the surrounding tissue from a 

subset of astrocytoma cells, used for tumor cell invasion 

and proliferation, and thereby leading to efficient coloni-

zation of the brain.23 Over time, TMs often connect tumor 

cells with each other. These TM connections are composed 

of connexin 43 (Cx43) gap junctions; Cx43 is the most 

abundant subtype of connexins in the CNS and is predom-

inant in glioblastoma cells.23 TM-connected tumor cells 

are more resistant against the detrimental effects of stand-

ard radiotherapy, most likely due to improved multicellu-

lar homeostasis in the network.23 So far, one gene critical 

for TM formation has been identified, growth associated 

protein-43 (GAP-43), which is normally expressed during 

neurogenesis24 and whose expression in gliomas depends 

on an intact 1p/19q status.23 GAP-43 is used by tumor cells 

to extend TMs and to build a functional TM network.11

In light of these recent findings, we sought to under-

stand whether TMs (and the different biological aspects 

of glioma progression and resistance they are involved 

in) also contribute to GB resistance to the other 2 stand-

ard therapies: surgery and chemotherapy. To answer this 

question, we used our in vivo 2-photon microscopy mouse 

model that allows us to follow individual tumor regions 

and single glioma cells over extended periods of time—but 

also to interfere with the brain tumor and study its reac-

tion. The findings imply a relevant role of TMs for resist-

ance to standard therapies.

Materials and Methods

Cell Culture and Lentiviral Transductions

The primary glioblastoma cell lines S24 and T269 (isocitrate 

dehydrogenase wild-type, MGMT promoter hypermethyl-

ated; GBMSCs) were kept under “stemlike” conditions in 

spheroid cell culture. Stable transduction with lentiviral 

vectors allowed in vivo imaging: the LeGO-T2 vector (gift 

from A. Trumpp) induced cytosolic red fluorescent protein 

(tdTomato) expression in GBMSCs. Additional transduc-

tion with pLKO.1-LV-GFP (Addgene 25999, Elaine Fuchs) 

vector resulted in nuclear green fluorescent protein (GFP) 

expression (H2B-GFP). Alternatively, the transduction of 

GBMSCs with pLenti6.2 hygro/V5-Lifeact-YFP created a 

yellow fluorescent protein (YFP) signal in actin filaments.

Knockdown of GAP-43 using small hairpin (sh)RNA tech-

nology (pLKO1.1-puro-CMV-vector, Sigma Aldrich) tar-

geted the sequence TGTAGATGAAACCAAACCTAA. For an 

appropriate control, the same cell line was transduced with 

the respective nontargeting shRNA lentivirus (SHC016, 

Sigma Aldrich). Regular tests for mycoplasma infections 

were done by PCR and verification of glioblastoma origin 

was performed by comparative genomic hybridization or 

450k analysis.11,25

In Vitro Experiments

For cell viability under TMZ treatment, 7500 cells per well 

in each of 3 wells were grown in a 96-well plate (n =  3). 

Ninety-six hours after dimethyl sulfoxide control or 10 µM 

TMZ treatment, an assay by MTT (3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide; 1  mg/mL) was 

performed. The absorbance was read at 590 nm with a ref-

erence filter at 620 nm. In vitro S24 and T269 fluorescent 

Importance of the study

The inevitable recurrence of malignant astrocytomas, 

including glioblastomas, after standard therapy speaks 

for the existence of a resistant subpopulation of glioma 

cells that is not sufficiently targeted by current thera-

pies. Moreover, it is a long-standing observation that 

the majority of tumors recur at or around the resection 

margin, despite the diffuse colonization of the entire 

brain in these diseases. Here we provide a possible 

explanation by showing that tumor cells extend TMs 

toward the surgical lesion site to actively “repair” the 

damage, leading to a repopulation of the lesioned area 

that ultimately results in a new tumor mass at this site. 

In addition, TM-connected glioma cells are more resist-

ant to the cytotoxic effects of temozolomide chemother-

apy. Our data suggest that specific interference with 

TM formation and function, such as targeting growth 

associated protein-43, can be a novel strategy to fight 

primary and adaptive resistance in gliomas.
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spheroids were transferred into an imaging chamber, and 

images of the spheroids were acquired using a Leica TCS 

SP5 microscope.

Mouse Cranial Window Preparation and Tumor 
Initiation

For the preparation of in vivo experiments, a chronic cra-

nial window was implanted into 8- to 10-week-old male 

Naval Medical Research Institute nude mice as described 

before.23,26,27 At least 10  days after implantation of the 

chronic cranial window, the glass was temporarily removed 

to inject 50 000 GBMSCs into the mouse cortex at a depth of 

500 µm. All animal procedures were performed in accord-

ance with the institutional laboratory animal research 

guidelines after approval by the Regierungspräsidium 

Karlsruhe, Germany (G188-12, G132-16).

Surgical Lesion, Dexamethasone Treatment, and 
Chemotherapy

For surgical lesion experiments, the chronic cranial window 

was removed, and a 26-gauge needle-bearing Hamilton 

syringe was used to resect a defined cylindrical volume of 

approximately 300 µm diameter out of a long-term imaged, 

tumor cell–bearing mouse brain area of 1154 × 1154 µm. For 

all treatments, we waited for the establishment of malig-

nant gliomas of a relevant size and cellular density; these 

tumors also displayed cellular heterogeneity regarding TM 

formation and interconnection. For chemotherapy experi-

ments, mice were treated on D85 ± 3 after tumor injection 

with 100 mg/kg body weight (bw) TMZ p.o. for 3 consecu-

tive days (D0, 1, 2), without prior surgical lesion. For dexa-

methasone (DEX) experiments, mice received 0.3  mg/kg 

bw DEX s.c. every day for 14 days starting on the day of the 

surgical lesion.

Mice were evaluated daily for clinical and behavioral 

abnormalities and sacrificed when they developed neuro-

logical deficits or weight loss >20%.

In Vivo Multiphoton Laser Scanning Microscopy

Multiphoton laser scanning microscopy (MPLSM) was 

used as described before.23 A  Chameleon Ultra II laser 

(Coherent) excited the fluorophores through a BP500–550/

BP 575–610 filter. For detection of the GFP- and injected 

tetramethylrhodamine-isothiocyanate‒Dextran, the laser 

wavelength was set to 850 nm. Tuning to 950 nm allowed 

the measurement of tdTomato, LifeAct YFP, and fluorescein 

isothiocyanate–Dextran.

Image Processing

After data acquisition by Zeiss ZEN software, images were 

prepared for analysis. Tilescans were stitched, image cal-

culation cleared unspecific background, and cropping 

allowed exact comparison of longitudinally acquired data. 

Images shown here were processed in Imaris (Bitplane) 

by filtering and subtracting background, and saved in 3D 

(surgical lesion experiments) or orthogonal view (chemo-

therapy experiments).

Quantifications

Analysis of images was performed with the ImageJ 

(National Institutes of Health) and Imaris (Bitplane) soft-

ware. Cells were counted manually in ImageJ.

Statistics

SigmaPlot Software (Systat Software) was used for statisti-

cal analysis of the quantifications.

For detailed material and methods, see the 

Supplementary material.

Results

Surgical Lesions Are Excessively Repopulated by 
Glioblastoma Cells Over Time

To better understand the mechanisms of GB recurrence 

after surgical resection, we used an in vivo mouse model 

that allows longitudinal imaging of brain tumor progres-

sion, and response to interventions, in the live mouse 

brain.23,27,28 Two primary human GBMSC lines (S24 and 

T269) representative for the human disease23 were chosen.

After surgical removal of a cylindrical brain tissue vol-

ume colonized by GBMSCs, glioblastoma cells repopu-

lated the lesioned area over time (Fig.  1A). This striking 

response to the surgical trauma resulted in increasing 

glioblastoma cell densities in the lesioned brain area over 

a period of weeks, exceeding those of perilesional and dis-

tant brain regions (Fig. 1B–C), as well as those of nonre-

sected control animals (Supplementary Figure S1A, B). We 

next aimed to identify the cellular mechanisms responsible 

for this lesion-specific increase in tumor cell content. First 

the velocity of tumor cell nuclei was determined to inves-

tigate whether the trauma had a general impact on tumor 

cell motility. Indeed, at the time when excessive repopu-

lation of the lesion started (day 5), nuclear velocity was 

significantly increased in the perilesional area (Fig. 1D). By 

that time, more than half of the tumor cell nuclei moved 

directly toward the lesion area (Fig.  1E). When analyzing 

the larger brain tumor region where the surgical interven-

tion took place, total tumor cell densities were reduced 

compared with control due to the tissue removal in the 

days after resection but caught up to control tumors at day 

7 (Supplementary Figure S1C). Together these data speak 

for both increased invasion of perilesional preexisting glio-

blastoma cells to the resection margin as well as increased 

tumor cell proliferation in the lesioned brain area after a 

surgical lesion.

Tumor Microtubes Are Responsible for the 
Glioma Repair Response

Next we aimed to investigate whether TMs, with their 

known ability to replace a lost single member of the tumor 
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cell network,23 also contribute to recolonization of a surgi-

cal lesion area. Indeed, glioblastoma cells in the vicinity of 

the resection cavity extended new TMs toward and then into 

the lesioned area from day 3 on, which preceded recoloniza-

tion of the former resection cavity with tumor cells (Fig. 2A). 

Quantifications revealed that tumor cells of both the S24 and 

T269 glioma cell lines in the surrounding and more distant 

brain regions increasingly extended TMs toward the lesioned 

area over time (Fig. 2B, C). Even the usually TM-poorer T269 

glioblastoma cell line extended TMs toward the lesion, which 

Fig.1 Glioblastoma cells excessively repopulate surgical lesions. (A) Representative in vivo MPLSM images of S24 GBMSCs repopulating an 
area (dotted circle) where a cylindrical volume of tumor cell–bearing brain tissue was surgically removed by a thick needle puncture. D0 before, 
area just before surgical intervention; D0 after, area just after surgical intervention; D1–D28, time course of repopulation of the lesioned area 
from day 1 to day 28 after intervention. 3D images, 72–285 µm depth under the brain surface. (B, C) Time course of the density of S24 (B) and T269 
(C) GBMSC per mm3 within the puncture area (lesional), in the surrounding brain tissue directly adjacent to the lesion (perilesional, 0–300 µm 
from resection margin), and distant brain areas (>300 µm from resection margin) (n = 3 mice, one-way ANOVA). (D) Representative images of 
T269 GBMSCs migrating toward the lesion on day 5, and corresponding quantification of nuclear velocity increasing 5 days after surgical lesion 
compared with 1 day before surgery (60 cells from n = 3 mice, t-test). (E) GBMSCs (T269) migrating toward the lesioned area on day 5 (reduction 
of a cell’s distance to the lesioned area) vs away from the lesioned area (60 cells from n = 3 mice, t-test). Error bars show standard error of the 
mean (SEM), *P < 0.05.
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could indicate that the processes leading to TM extension 

are strong enough to even induce TM formation in TM-poor 

tumors. Together this indicates an involvement of TMs in 

mediating the repopulation process, in accordance with their 

previously described role in tumor cell invasion, prolifera-

tion, and colonization of the unlesioned brain.23

To specifically interrupt TM formation and thus 

TM-mediated repair response, we implanted GBMSCs with 

a stable knockdown of GAP-43 by small hairpin RNA (shGAP-

43), which leads to compromised TM morphology and func-

tion without affecting in vitro viability of the tumor cells.23 

We chose to knock down GAP-43 because shGAP-43 gliomas 

show highly impaired TM formation and function, including 

reduced Cx43 expression, leading to reduced TM-dependent 

tumor invasion and proliferation.23 In contrast to shCon-

trol tumors, shGAP-43 tumors did not show an excessive 

population of the lesioned area over many weeks (Fig. 3A). 

Further quantitative analysis confirmed that the GAP-43 

knockdown significantly and specifically inhibited the tumor 

repair response within and close to the lesioned area from 

day 5 on (Fig.  3B). Higher magnifications revealed that 

shGAP-43 tumors were indeed deficient in extending TMs 

toward the lesioned area and in recolonizing it (Fig. 3C).

Anti-inflammatory Treatment Has Only Transient 
Effects on the Repair Response

We next investigated whether anti-inflammatory treat-

ment with DEX, routinely done after surgical resections 

and biopsies in glioma patients to reduce inflammatory 

changes, including perioperative edema,29 has any impact 

Fig. 2 Tumor microtubes are extended to the lesioned area. (A) After surgical removal of a tumor cell–bearing brain volume (dotted line), an 
adjacent S24 GBMSC tumor cell (arrow) extends a long cellular protrusion characteristic of a TM into the resected area from day 3 on. Note that 
additional new TMs, originating from tumor cells outside the displayed volume and directed toward the lesioned area, can also be found from 
day 3 on. In vivo MPLSM 3D images, 69–174 µm depth under the brain surface. (B, C) Percentage of TMs extended toward the lesion for S24 (B) 
and T269 (C) GBMSC lines (S24: n = 3–143 GBMSCs per day quantified; T269: n = 7–152 GBMSCs per day quantified; n = 3 mice, t-test). Error bars 
show SEM. *P < 0.05.
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Fig. 3 GAP-43 deficient glioma cells fail to repopulate surgical lesions. (A) Representative in vivo MPLSM 3D images of the repopulation of 
lesioned areas (dotted circles) by S24 shControl vs shGAP-43 GBMSCs, up to 14 days after surgical lesion, 75–225 µm depth under the brain 
surface. (B) Quantification of the tumor cell number in S24 shControl GBMSCs vs S24 shGAP-43 cells over time (9–1467 GBMSCs quantified; 4 
regions, n = 3 mice per group, t-test). (C) Representative in vivo MPLSM image of S24 tumor cells repopulating the lesioned area (dotted circle) 
in shControl vs shGAP-43 on day 5 after lesion. Note the TMs reaching toward the lesion in shControl and their absence in shGAP-43. Error bars 
show SEM. *P < 0.05.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/n
e
u
ro

-o
n
c
o
lo

g
y
/a

rtic
le

/1
9
/1

0
/1

3
1
6
/3

7
3
8
0
3
1
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



 1322 Weil et al. Glioma resistance and tumor microtubes

on the remarkable reaction of glioblastoma cells to the sur-

gical lesions. Mice were treated with DEX perioperatively 

(12 hours before to 14 days after surgery). While there was 

reduction of tumor cell repopulation of the lesioned area 

at day 5 and less so at day 7 after the surgical lesion in the 

DEX treatment group, this reduction was no longer evident 

by day 14 (Fig. 4A, B). By this time, lesional tumor cell den-

sities in the DEX group had fully caught up to those meas-

ured in the control group.

Highly TM-Connected Tumors and Glioblastoma 
Cells Better Resist Chemotherapy

To investigate the effects of TMZ chemotherapy on the 

survival of individual glioblastoma cells in growing brain 

tumors and to clarify whether this survival depends on 

their extension of TMs and integration into a TM-linked 

tumor cell network,23 we treated mice with an established 

high but tolerable dose of 100 mg/kg TMZ for 3 consecutive 

days and followed distinct brain regions over prolonged 

periods of time. We chose 2 MGMT promoter hypermeth-

ylated GBMSC lines, one growing with dense cell-cell 

interconnections via TMs in the mouse brain (S24), and 

one where these interconnections were only infrequently 

observed (T269) (Fig.  5A–C). Despite the stemlike condi-

tions of in vitro culture, relevant formation of classical 

TMs was not detectable (Fig.  5D), arguing for an impact 

of the brain microenvironment on TM formation. Under 

these TM-free in vitro growth conditions, the viability of 

the S24 cell line was more reduced by TMZ than that of 

Fig. 4 Treatment with DEX delays GBMSC accumulation in lesioned areas, but does not prevent it. (A) Representative in vivo MPLSM 3D images 
of mice implanted with S24 GBMSCs and treated with vehicle control vs DEX (0.3 mg/kg s.c.). Note the decreased formation of a new tumor mass 
in the lesioned area (dotted circle) at day 7, but similar tumor formations at day 14, 42–195 µm depth under the brain surface. (B) Tumor cell densi-
ties in relation to the lesioned area in control vs DEX treated mice on day 5 (left panel), day 7 (middle panel), and day 14 (right panel) postsurgery 
(43–1653 GBMSCs quantified; 4 regions, n = 3 mice per group, t-test). Error bars show SEM. *P < 0.05.
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Fig. 5 TM connectivity and resistance to chemotherapy. (A) Representative images of S24 and T269 GBMSCs showing a higher number of 
long TMs in S24 than in T269, 64 ± 4 days after tumor implantation, 3D images, 42–72 µm under the brain surface. (B) Number of TM connections 
and (C) number of TMs per GBMSC in mouse gliomas originating from S24 vs T269 GBMSCs (3 regions in n = 3 animals per group, 31–80 cells, 
69–99 µm under brain surface, t-test). (D) Representative confocal in vitro images of S24 and T269 spheroids, demonstrating the absence of rel-
evant TMs in vitro. (E) Quantification of these GBMSC lines in vitro shows a lower cell viability of S24 cells under TMZ treatment, while T269 cells 
are not significantly affected after 96 hours of incubation (MTT assay, n = 3 per group, t-test). (F) Tumor cell regression in vivo after 3 days of 
TMZ treatment is extensive in T269 tumors, but only moderate in S24 tumors (2 regions in n = 3 mice per group, rank sum test). (G) S24 GBMSCs 
with a high number of TMs and high TM connectivity to other tumor cells (arrowheads) preferentially survive the cytotoxic effects of TMZ 
chemotherapy, while non-TM-connected cells (asterisks) preferentially die the weeks after. Representative in vivo MPLSM maximum intensity 
projections, 30–150 µm depth under the brain surface. Note the relative increase in TMs and yellow fluorescence in the treatment group vs con-
trol group, the latter indicating an increased content of actin (LifeAct YFP)-rich TMs compared with the red fluorescence of tumor cell cytoplasm 
(tdTomato). (H) The number of TMs per GBMSC increases 21 days after TMZ treatment vs controls (S24, 231–2520 TMs from n = 3 mice, one-way 
ANOVA). (I) YFP(actin)/red fluorescent protein(cytoplasma) signal ratio on D0 and 21 days after TMZ (S24, 3375–5080 tumor cell structures from 2 
regions in n = 3 mice, t-test). (J, K) Percentage of the number of glioblastoma cells that survive for a long period of time (62 days) or die after TMZ 
treatment, in relation to their number of TMs (J) or TM-mediated interconnection to other tumor cells on day zero (K) (26–353 tumor cells from 2 
regions in n = 3 mice per group, t-test). Error bars show SEM. *P < 0.05.
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the T269 cell line (Fig. 5E). In sharp contrast, when in vivo 

therapy effects of TMZ on S24- and T269-derived glio-

mas were quantified, the TM-rich and TM-interconnected 

S24 GBMSCs were much more resistant to TMZ than the 

TM-poor T269 cells (Fig. 5F). Mice with both S24 and T269 

gliomas lived significantly longer after TMZ than control 

animals; however, in line with the tumor effects, the sur-

vival benefit appeared more pronounced in the T269 group 

(Supplementary Figure S2A, B).

Next we sought to analyze whether highly TM-connected 

glioblastoma cells within one single tumor were more 

likely to survive treatment with TMZ. This analysis was 

possible for S24-derived mouse gliomas, where the 

number of strongly TM-connected tumor cells was high 

enough (Fig. 5A): while TM-connected tumor cells survived 

(Fig.  5G, arrowheads), nonconnected ones disappeared 

after TMZ chemotherapy (Fig.  5G, asterisks). Sixty-two 

days after TMZ treatment, only a small percentage of glio-

blastoma cells that were already present at day 0 survived; 

most cells died (Supplementary Fig. 2C, D). A deeper anal-

ysis of the surviving GBMSCs confirmed that those tumor 

cells that extended more than 4 TMs and were connected 

to multiple other GBMSCs with their TMs were more likely 

to survive TMZ, while the TM-devoid, unconnected tumor 

cells were more likely to disappear after TMZ (Fig. 5J, K). 

The total tumor density of TMs increased after TMZ treat-

ment, compared with controls (Fig. 5H), as well as the actin 

content of tumor cell structures (Fig. 5I). TMs are known to 

be particularly actin rich.23

Together this implies a role of TM-mediated glioma cell 

connectivity for primary, and potentially also adaptive, 

resistance to alkylating chemotherapy.

Discussion

Here we demonstrate that the formation of TMs contrib-

utes to recurrence after surgery and resistance against 

chemotherapy in a mouse model of GB. Primary and/or 

adaptive resistance against standard therapies results in 

inevitable disease recurrence in GB, making the targeting 

of resistance mechanisms a plausible avenue for therapy 

development. The findings of this study, performed in a 

refined intravital imaging model of the disease, demon-

strates that surgical lesions are specifically and excessively 

repopulated in a TM-dependent manner by glioblastoma 

cells and that this “repair” mechanism is largely inhibited 

when GAP-43 is knocked down, leading to a deficient TM 

formation. Moreover, TMs also contribute to resistance 

against chemotherapy, as TM-connected tumor cells and 

TM-rich tumors are more likely to resist TMZ treatment.

Macro- and/or denser microscopic tumor remains at 

the resection margin were traditionally held accountable 

for the predominantly local recurrence pattern after sur-

gery in malignant gliomas,9,10,12 and the reduction of these 

remains by extensive surgery was seen as the main reason 

why progression-free and overall survival of patients posi-

tively correlated with the extent of tumor resection in glio-

blastoma.7,8 However, neurosurgeons, neuro-oncologists, 

and brain tumor biologists alike have hypothesized that 

a wound healing response of the normal brain at the site 

of a surgical injury might actually foster tumor cell prolif-

eration at this very place, finally resulting in local tumor 

recurrence.30–32 Reactive astrocytosis around gliomas has 

been well described,30,33 and has been linked to increased 

glioma proliferation and local recurrence patterns after 

glioma resection in a mouse model,32 which points to an 

involvement of the normal brain for local recurrence for-

mation at the resection site. Our study further adds to this 

concept by demonstrating that glioblastoma cells extend 

TMs to execute a newly discovered “malignant repair,” 

replacing the resected parts of the TM-connected tumor 

cell network, finally greatly exceeding the prior tumor cell 

density over time.

In other tumor entities outside the brain, local recur-

rence after microscopically complete resection has also 

been described and was primarily linked to the release of 

wound healing factors.34,35 The hypothesis was that che-

moattractants, growth factors, and pro-migratory factors 

released during the wound healing response after surgi-

cal resections were not only driving normal tissue repair, 

but were also acting as stimuli for cancer cell recruitment 

and growth.34–36 Our data support this assumption to 

some extent, as inhibition of the malignant wound repair 

is seen with DEX as an anti-inflammatory treatment in the 

first week. However, this inhibition is only transient, which 

might be explained by the fact that the inflammatory phase 

of a brain lesion only lasts for days, not many weeks.30

Connection of glioma cells via Cx43 gap junction connec-

tions has been shown to protect them from TMZ-induced 

toxicity in vitro.37–39 One study has even found an inverse 

correlation of Cx43 expression and clinical benefits from 

TMZ chemotherapy in patients.37 We have previously dem-

onstrated that Cx43 gap junctions can be frequently found 

within TMs connecting 2 glioma cells as well as between 

TMs of different glioma cells that cross each other, and that 

Cx43 expression depends on the ability of glioma cells to 

form TMs.23 While Cx43 is expressed highest and most con-

sistently in our primary glioblastoma cell lines, including 

S24 and T269,23 other connexins have been described in 

glioma as well, with often conflicting findings.40,41 One of 

these is connexin 46 (Cx46), which has been attributed to 

tumor growth and self-renewal properties in cancer stem 

cells.40 Here we demonstrate for the first time a survival 

benefit of highly TM-connected glioblastoma cells com-

pared with nonconnected tumor cells after TMZ chemother-

apy, and consistently a better therapeutic activity of TMZ on 

poorly TM-connected gliomas. Together these findings add 

to a coherent picture where Cx43 gap junction connections 

within and between intercellular TMs constitute a functional 

syncytium in which glioma cells are better protected against 

adverse effects of cytotoxic therapy. The exact mechanisms 

for this are not entirely clear. It might be that a more even 

distribution of the small (gap junction permeable) chemo-

therapeutic agents within the tumor cell network can tem-

porarily prevent critical high drug concentrations for the 

single tumor cell; it might also be that maintaining a homeo-

stasis of other important intracellular small molecules like 

Ca2+ through multicellular exchange could help lower the 

toxicity of chemotherapy.23 Finally, it is also possible that 

nonmalignant brain resident cells like astrocytes might form 

gap junctions with glioblastoma cells to participate in this 

protective syncytium42,43 and increase tumor cell invasion 
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and survival.42,44,45 Similar interactions have been shown 

in brain metastasis.43 Besides gap junction coupling, astro-

cytes can secrete growth factors that might trigger tumor 

cell proliferation and invasion.32 Nevertheless, by under-

mining the formation of functional, GAP-43–dependent and 

typically Cx43-bearing TMs with TM-targeting drugs that 

still need to be developed or discovered, it is possible that 

glioma cells can be further sensitized to TMZ treatment, at 

least those with MGMT promoter hypermethylation. In this 

subgroup, TM number and/or interconnectivity in patient 

tumor samples should be explored as a potential additional 

predictive biomarker for TMZ response, adding to the well-

established MGMT promoter methylation status.

In conclusion, the different biological functions of TMs 

seem to be involved in primary and adaptive resistance 

of GB to all standard treatment modalities. Thus, pharma-

cological inhibition of TMs could be a new approach to 

lower resistance and recurrence rates of GB. Postsurgical 

TM-targeting strategies, including locally applied drugs left 

in the resection cavity, emerge as an interesting strategy 

that should be tested for prevention of local recurrences. 

Furthermore, to reduce TMZ resistance, pharmacological 

inhibition of TM function and stability, and of TMZ-induced 

increase in TM formation, might be most effective when 

applied concomitantly to TMZ.

Supplementary Material

Supplementary material is available at Neuro-Oncology 

online.
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