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SUMMARY

Glioblastoma (GB) cells infiltrate the brain parenchyma and colonize distant regions, driving recurrence and 

therapy resistance. Here, we examined dynamic microglial responses to infiltrating tumor cells during GB pro-

gression. Three-photon imaging in an autochthonous, immunocompetent GB mouse model enabled visualiza-

tion of microglia-GB interactions at the far infiltration zone (FIZ) in the corpus callosum (CC). GB infiltration speed 

varied by anatomical location and tumor microtube (TM) number. Microglia increased surveillance in sparsely 

infiltrated areas but reduced it with higher GB density, revealing a biphasic response. Directional migration to-

ward GB cells was restricted to microglial subsets within a defined spatial range, indicating heterogeneous reac-

tivity. CX3CR1 deficiency enhanced microglial reactivity while limiting GB cell migration. Microglia depletion 

with the CSF1R inhibitor PLX5622 reduced GB cell migration and constrained TM plasticity. Thus, microglia 

respond to GB cell infiltration in a stage-dependent manner and critically modulate dissemination at the FIZ.

INTRODUCTION

Glioblastomas (GBs) are the most common and most malignant 

primary brain tumors in adults.1 Despite extensive therapeutic 

intervention, including surgery, radiotherapy, and chemotherapy, 

the median survival in unselected trial cohorts remains limited to 

about 17 months.2 A major determinant of GB aggressiveness is 

the diffuse infiltration of adjacent parenchyma (near infiltration 

zone) and colonization of distant sites (far infiltration zone, FIZ), 

including the contralateral hemisphere and brainstem.3–5 Tumor 

cells at the FIZ are clinically relevant because they evade resection 

as well as initial radiotherapy and drive recurrence. Accordingly, 

parenchymal invasion and long-distance colonization are major 

causes of treatment failure.3,4,6 The near infiltration zone in mouse 

models of GB refers to brain regions 0.5–2 mm distal to the tumor 

bulk that contain infiltrating GB cells.7,8 Consequently, the FIZ re-

fers to invasion fronts >2 mm away, which change dynamically in 

space and time. Increasing evidence suggests that GB cells in 

these tumor niches are functionally distinct.9–13 Both intrinsic fea-

tures of GB cells and the surrounding tumor microenvironment 

(TME) differ between niches.14,15 GBs develop within a complex 

microenvironment composed of diverse cell populations, 

including infiltrating and resident immune cells that may comprise 

up to 30%–50% of the non-neoplastic compartment.16,17 Tumor- 

associated microglia and macrophages can play a tumor-support-

ive role by releasing factors that promote tumor growth and estab-

lish an immunosuppressed microenvironment.18–21 Indeed, the 

FIZ may represent a microglia-privileged niche.15,22–26 However, 

we lack a comprehensive understanding of microglial dynamics 

at the FIZ and how they contribute to GB cell migration. Under 
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physiological conditions, microglia constantly surveil their sur-

roundings with highly plastic fine processes, a phenomenon 

termed microglial motility,27,28 which enables them to quickly 

detect and respond to even subtle microenvironmental changes. 

Although key drivers of microglial motility have been identified un-

der homeostatic conditions and certain brain pathologies, our un-

derstanding of microglial dynamics during GB cell infiltration is 

limited. Most studies rely on static histology or in vitro models 

and focus on the tumor bulk.14,18,29 Despite the critical role of infil-

trating GB cells in relapse after surgical resection,30,31 their 

behavior and features at the FIZ remain insufficiently explored, 

underscoring the need for in vivo studies in this niche.32–34

Studying microglial dynamics in relation to GB cells at the FIZ re-

mains challenging due to (1) inaccessibility of deep brain regions to 

intravital two-photon (2P) microscopy and (2) a lack of faithful GB 

mouse models. The limitations of commonly used models such 

as GL261 and patient-derived xenografts (PDXs) include exces-

sive immunogenicity, lack of diffuse infiltration patterns,35 and 

incomplete immune system function in PDXs.36 These shortcom-

ings may explain why many immunotherapeutic drugs success-

fully tested in preclinical settings later failed in clinical trials.37–41 

Therefore, more representative mouse models that recapitulate 

both diffuse infiltration and immunogenicity are needed to foster 

informed GB immunotherapies. Accordingly, we and others have 

developed autochthonous GB models induced by in vivo electro-

poration, which enable investigation of GB and TME dynamics 

and the identification of tumor vulnerabilities.7,42–45 A major route 

of GB cell infiltration is the corpus callosum (CC),30,46–49 located 

∼800 μm below the pial surface in adult mice. Conventional 2P mi-

croscopy does not permit noninvasive imaging of this anatomical 

structure, thus precluding investigations of the FIZ.50 Three- 

photon (3P) microscopy is a promising tool for deep brain intravital 

imaging, allowing for noninvasive visualization of cellular struc-

tures at depths of 1,100–1,600 μm below the brain surface, de-

pending on the brain area.51,52 3P microscopy enabled visualiza-

tion of GB cells inside the CC and cortex near the ipsilateral 

tumor bulk in an immunodeficient PDX model.53

Here, we applied longitudinal 3P-imaging to a somatic IDHWT 

mesenchymal (Mes) GB model7 in immunocompetent mice, 

focusing on the contralateral CC and cortex, where infiltrating 

GB cells can be studied in otherwise intact tissue, to avoid 

potentially confounding changes such as edema, necrosis, or 

angiogenesis that dominate the tumor bulk and peritumoral 

zones. We found that in the FIZ, distinct GB morphologies corre-

late with invasion velocity. Furthermore, microglial motility and 

movement directionality are differentially regulated by tumor 

burden. Deficiency of the microglial chemokine receptor 

CX3CR1 or pharmacological microglia depletion via CSF1R an-

tagonists revealed that microglia are critical for GB cell migration 

and dissemination at the FIZ. Our findings advance the under-

standing of how microglia shape GB dissemination and may 

help identify targetable vulnerabilities in infiltrating tumor niches.

RESULTS

GB cell velocity inversely correlates with TM number at 

the FIZ

Diffuse infiltration is a hallmark of GB and drives recurrence.3–5 

To study these infiltration patterns within an intact TME, we em-

ployed an autochthonous GB model based on in vivo electropo-

ration (Figure 1).7,42–45 We injected a PiggyBac-based plasmid 

mix encoding a fluorescent reporter, Cas9, and gRNAs targeting 

Nf1, Trp53, and Pten into the ventricular space at postnatal day 

two.54 Upon electroporation, GBs developed in the forebrain, as 

previously reported.7,42,45 After 2–3 months, mice developed 

high-grade diffusely infiltrating gliomas (Figures 1A–1D; Video 

S1). GB cells reliably infiltrated the contralateral hemisphere via 

the CC, thereby constituting the FIZ (Figures 1B–1D; Video S1). 

Tumors recapitulated mesenchymal features, including CD44 

enrichment and increased proliferation (Figures 1E and 1F).

To visualize infiltration into deep regions, such as the CC, we 

carried out 3P in vivo imaging in this model. Cranial windows 

were implanted contralateral to tumor induction, enabling longitu-

dinal imaging of GB cells in the cortex and CC (Figures 2A–2C). 

Compared with 2P excitation (λEx = 920 nm), 3P excitation 

(λEx = 1,300 nm) enabled imaging beyond 1 mm depth, visualizing 

the CC (Figures 2D and 2E). To delineate white matter architec-

ture, we recorded third-harmonic generation (THG) signals at 

λEx = 1,650 nm excitation (Figures 2F and 2G; Video S2). THG is 

a label-free nonlinear optical signal generated at refractive index 

interfaces, providing intrinsic contrast without exogenous fluoro-

phores. Because the lipid-rich myelinated axons of the CC create 

strong refractive index discontinuities,55,56 they generate robust 

THG contrast that enables in vivo visualization of white matter ar-

chitecture. In addition to visualizing axons in the CC, excitation at 

λEx = 1,650 nm also allowed reliable detection of infiltrating 

tdTomato+ GB cells within this region (Figure 2G). We next 

measured GB cell migration velocity and correlated it with 

morphological properties of individual GB cells in the CC over 

several hours (Figures 2H and 2I). Venkataramani et al.13 demon-

strated that GB cell migration velocity near the tumor bulk relates 

to the abundance of tumor microtubes (TMs).13,57 TMs are thin 

protrusions of GB cells that facilitate intercellular connectivity 

and communication with the surrounding TME.57,58 In our autoch-

thonous model, we recorded GB cells spreading from the tumor 

bulk into the contralateral hemisphere through the CC. Similar to 

GB cells near the tumor bulk, we found that cells in the FIZ with 

few TMs migrated over longer distances and at higher velocities, 

whereas GB cells with many TMs traveled shorter distances and 

moved slower (Figures 2I–2L; Video S3). We also observed a small 

fraction of GB cells without TMs (TM0 GB cells), representing only 

2.2% of all GB cells (Figure S1A–S1F). These TM0 GB cells were 

almost stationary, with an average speed of <2 μm/h 

(Figure S1C). When we grouped GB cells into those with ≤4 

TMs and >4 TMs, cells with fewer TMs traveled significantly longer 

distances (Figures 2J and 2K). GB cells with ≤4 TMs migrated with 

a velocity of 15 μm/h, which was 72% faster than cells with >4 

TMs (9 μm/h; Figure 2L). Moreover, we identified an inverse corre-

lation between the number of TMs and the distance traveled by 

GB cells (r = −0.47, p = 0.0006; Figure 2M).

GB cell infiltration velocity depends on anatomical 

location

Having established that the TM number influences single-cell 

migration at the FIZ, we next asked how GB cell migration 

evolves over consecutive days and whether it differs by 

anatomical location. We performed repeated 3P microscopy in 

GB-bearing mice over three to four consecutive days at 24-h 
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intervals (Figure 3A). Large z stacks spanning ∼1 mm covered 

the entire cortical column and CC (Figure 3B). Recording the 

same volume repetitively revealed an increase in GB cell density, 

nearly doubling every 24 h (97% from 0–24 h and 66% from 24– 

48 h; n0h = 585 ± 171 GB cells/mm3, n24h = 1,154 ± 357 GB cells/ 

mm3, n48h = 1,923 ± 634 GB cells/mm3) (Figure 3, right inset). 

When comparing anatomical regions, we found that GB cells in 

the cortex migrated more slowly and covered shorter distances 

within 24 h than those in the CC (Figures 3C–3E). The mean ve-

locity of GB cells in the CC was ∼2-fold higher than in the cortex 

(Figure 3E). The relative frequency distribution of distances trav-

eled per GB cell revealed two subsets: a predominant slow pop-

ulation (<20 μm/d) and a smaller fast population (up to 100 μm/d) 

(Figure 3F). In the cortex, most GB cells (87.5% ± 4.5%) be-

longed to the slow subset (<20 μm/d), whereas in the CC, less 

than half did (42.8% ± 11.2%). Conversely, fast-migrating GB 

cells (≥20 μm/d) were more frequent in the CC (57.2% ± 

11.2%) than in the cortex (12.5% ± 4.5%) (Figures 3G and 3H). 

Together, these data demonstrate that GB cells migrate faster 

and farther within the CC than in the cortex and that migration 

is heterogeneous, comprising distinct slow and fast subsets. 

This suggests that spreading GB cells at the FIZ may be shaped 

by the surrounding tissue context, which modulates their migra-

tory properties.

Microglial surveillance displays a biphasic response to 

GB cell infiltration

Given that GB cell migration at the FIZ is influenced by the sur-

rounding tissue context, we next examined microglia, the brain’s 

resident immune cells, to assess how they shape and respond to 

this process. Changes in microglia function and state have been 

implicated in GB pathogenesis,18,19,21 and increased CD68+ cell 

numbers correlate with poor patient prognosis.59,60 In line with 

this, we found a significant increase in CD68+ cells within tu-

mor-infiltrated human tissue compared with control regions 

(38.4% ± 4.5% versus 11.4% ± 1.3%; Figures 4A and 4B). 

CD68 marks lysosomal activity and is commonly used to identify 

microglia/macrophages in GB tissue. To move beyond static his-

tology and directly measure microglia-GB dynamics in vivo, we 

focused on the FIZ, a region critical for diffuse invasion and 

recurrence. GBs were induced in Cx3cr1GFP/wt transgenic mice 

expressing enhanced green fluorescent protein (eGFP) in micro-

glia,61 enabling visualization of tdTomato+ GB cells alongside 

GFP+ microglia during intravital 3P-imaging at the FIZ 

(Figure 4C). We simultaneously recorded microglia, GB cells, 

and myelinated CC fibers in a cuboid volume spanning the entire 

cortex and CC (Figure 4D; Video S4). First, we analyzed morpho-

logical parameters of microglia in GB− and GB+ regions 

(Figure 4E). Sholl analysis of microglial ramification revealed 

reduced branching. Intersections were reduced at increasing 

radial distances from the soma in GB+ compared with GB− sam-

ples, indicating shorter and less ramified processes consistent 

with an amoeboid morphology (Figures 4F and 4G). After deter-

mining static morphological differences, we quantified microglial 

fine process dynamics during GB progression. We compared 

three different stages of GB cell infiltration within the CC: control, 

sparse, and dense (0%, <30%, and >30% GB cell coverage; 

Figure 4H, top). Microglial motility was quantified by acquiring 

Figure 1. CRISPR-Cas-mediated autochthonous model of adult mesenchymal Glioblastoma 

(A) Schematic of CRISPR-Cas-mediated generation of an autochthonous GB model with mesenchymal signature. 

(B) Exemplary images showing diffuse infiltration of tdTom+ GB cells in an adult mouse brain (2 months). Note the long-ranging infiltration via the CC crossing to 

the FIZ of the contralateral hemisphere. 

(C and D) Zoom of marked regions in (B) showing the injected subventricular zone (SVZ) (C) and the contralateral CC (D) constituting the FIZ. 

(E) Excerpt of the tumor bulk and the near peritumoral tissue highlighting the immunoreactivity for CD44 and CD11c resembling the mesenchymal subtype of 

human GB. 

(F) Quantification of Ki67-positive nuclei inside (GB+) and outside glioma-bearing tissue (GB−). n = 6 brain slices from three mice. GB and GB areas were 

quantified in each brain slice. 

Data are represented as mean ± SD. ****p < 0.001 by unpaired t test. 

Scale bars: 2 mm (B, left; C, left), 100 μm (B, left; D), and 50 μm (C, right).
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Figure 2. GB cell velocity inversely correlates with the number of TMs at the FIZ 

(A) Schematic timeline of the experimental procedure. 

(B and C) Localization, window implantation, and CC (CC) imaging position. 

(D) Two- versus three-photon excitation of Texas-red labeled blood vessels. 

(E) Quantification of mean Texas Red intensity at increasing imaging depths. 

(F) Fluorescence generated with third harmonic generation (THG). 

(G) Three-photon excitation to visualize CC, GB cells, and blood vessels. 

(H) GB cells at the FIZ show different morphologies with low and high numbers of TMs. 

(I) Exemplary migration of a GB cell with few TMs (rod-like shape, top) and many TMs (bottom). 

(J) GB cells traveled distances plotted over individual time points, >4TMs gray, ≤4 TMs blue. 

(K and L) Average traveled distance and velocity comparing GB cells with different TM numbers (n = 32 cells > 4TMs and n = 17 cells ≤ 4TMs from 3 mice). 

(M) Correlation of traveled distance of GB cells during a 3h imaging period and their number of TMs; n = 49 cells; Pearson’s r = −0.47, R2 = 0.22, p = 0.0006. 

Violin plots depict the full data distribution (KDE); the line indicates the median. ***p < 0.001, ****p < 0.0001 by unpaired t test (K and L), Pearson correlation (M). 

Scale bars: 500 μm (C), 100 μm (D, overviews), 50 μm (D and H), and 10 μm (I).
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z-stacks every 5 min across a 150 μm span of the CC (Figure 4H; 

Video S5). Microglial process turnover rate (TOR) (Figure 4I), as 

well as gained, lost, and stable fractions, were calculated as pre-

viously described.62,63 In the absence of GB cells, microglial pro-

cesses displayed an average TOR of 40% ± 1.2%. Upon sparse 

infiltration, microglia significantly increased surveillance by 17% 

relative to baseline (Figure 4J). In contrast, under dense infiltra-

tion, microglial surveillance decreased by 25% (Figure 4J). The 

reduced surveillance in dense infiltration was driven by an in-

crease in stable processes and a decrease in gained processes. 

Conversely, the increase during sparse infiltration was driven by 

a higher gained fraction together with reduced process stability 

(Figures 4K and 4L). The loss fractions did not differ between 

the three groups (Figure 4M). Moreover, we found a marked in-

crease in microglia density in the densely GB cell-infiltrated CC 

(Figure 4N). Our longitudinal analysis further showed that GB 

cells progressively populate the CC-adjacent cortex upon sus-

tained GB cell migration to the FIZ in the contralateral hemi-

sphere. Infiltration of the cortex was accompanied by microglia 

adopting an amoeboid shape with reduced branching 

(Figures S2A–S2E). Whereas microglial surveillance was un-

changed under sparse infiltration, it markedly decreased under 

dense infiltration conditions (Figures S2F–S2H), reflecting 

increased process stability and reduced dynamic remodeling 

(Figures S2I–S2K). Microglia density also increased substantially 

under dense GB cell infiltration (Figure S2L). Together, these 

data reveal a biphasic microglial response to GB infiltration, 

characterized by an early increase in surveillance followed by 

suppression under dense infiltration, with distinct dynamics in 

white versus gray matter.

Identification of microglia subsets with distinct 

migration properties in relation to GB cell infiltration

Microglia have been proposed to accumulate at GB infiltration 

zones,22,23,26 yet their behavior at the FIZ has not been quantified 

longitudinally. We therefore repeatedly recorded the same 

contralateral somatosensory cortex and CC at 24-h intervals 

over several days using 3P microscopy (Figures 5A and 5B). 

Large z-volumes (∼1,000 μm) spanning the entire cortical col-

umn and CC were acquired (Figure 5C), enabling analysis of mi-

croglial migration across depths and distances from invading GB 

cells. We found that microglia residing in GB cell-free cortical 

areas remained stationary over time and did not exhibit signifi-

cant migratory behavior (Figure 5D; Video S6). In contrast, micro-

glial migration increased in close proximity to GB cells infiltrating 

along the CC into the contralateral hemisphere (Figures 5E and 

5F; Video S6). Furthermore, microglia traveled 2.4-fold longer 

distances when located within 150 μm of the nearest GB cell 

compared with more distant microglia (Figures 5F and 5G). 

Consistently, microglia in non-infiltrated cortex exhibited lower 

variance in Euclidean nearest-neighbor distances compared 

with microglia in the CC at the FIZ (Figure 5H). Because microglia 

can display heterogeneous responses even when located in 

close proximity,64,65 we next asked whether such heterogeneity 

was also reflected in their migratory behavior. To this end, we 

performed unbiased agglomerative hierarchical clustering to 

group microglia based on similarities across multiple migration 

features, without predefined categories. Principal component 

analysis identified subsets with distinct migratory properties. 

Figure 3. GB cell infiltration velocity depends on anatomical location 

(A) Schematic timeline of the experimental procedure. 

(B) Side view of a z volume of the contralateral hemisphere with respect to the 

tumor bulk. Within 48 h, GB cell density increased, nearly doubling per 24 h 

(inset right). 

(C and D) Exemplary images of GB cells migrating inside the cortex (C) and CC 

(D) at the FIZ. 

(E) Velocity of GB cells in the cortex compared with CC (CTX: n = 5 and CC: n = 

6 mice). 

(F) Relative frequency distribution of cortical and CC-associated GB cells in 

relation to their 24 h velocity. Cell movement was binned to 5 μm units (CTX: n = 

614 and CC: n = 538 GB cells from nCtx = 5 and nCC = 6 mice). 

(G and H) Comparison of percentage of GB cells in cortex versus CC with a 

velocity of <20 μm/d (G) and >20 μm/d (H). (CTX n = 5 mice and CC n = 6 mice). 

Violin plots depict the full data distribution; the line indicates the median. * 

p < 0.05, ** p < 0.01 by unpaired t test (E, G, and H). 

Scale bars: 50 μm (B) and 20 μm (C and D).
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We analyzed sub-volumes of our imaging stacks: horizontal sub- 

volumes spanning the XY plane (Figures 5C–5E and 5I–5M) and 

vertical sub-volumes spanning the entire Z-dimension (restricted 

Figure 4. Microglial surveillance displays a 

biphasic response to GB cell infiltration at 

the FIZ 

(A) Overview of human glioblastoma FFPE 

consecutive resection samples stained with H&E 

and against KP1 (CD68), showcasing GB+ (+) and 

non-infiltrated zones (*). Right panels show the 

respective zoom images of CD68+ cells. 

(B) Percent CD68+ of hematoxylin-stained nuclei 

in GB and GB− tissue. (n = 9 brain slices from 

three patients). GB and GB− areas were quanti-

fied in each brain slice. 

(C) Schematic of the experimental timeline to 

visualize microglia and GB cells. 

(D) 3D reconstruction of a z stack spanning 

∼1,150 μm containing cortex and CC at the FIZ 

(microglia [green], vessels [gray], GB cells 

[magenta], CC/THG [cyan]). Right: x,y images with 

cellular resolution at different imaging depths. 

(E) Representative images of microglia in CC in 

GB− or GB+ CC. Asterisks indicate representative 

3D reconstructions of individual microglia for Sholl 

analysis (bottom). 

(F and G) Sholl intersection profile (F) and area 

under curve (AUC) (G) of microglia comparing GB−

and GB+ conditions (n = 4 mice per group). 

(H) Schematic (top) and representative images of 

microglia (green) and their processes for three 

different stages of GB cell (magenta) progression 

within the CC: ctrl, sparse, and dense (0%, <30%, 

and >30% GB coverage). Lower three panels: 

subsequent time points (0 min, 5 min) were su-

perimposed (Δt = 5 min) to measure gained 

(green), lost (red), and stable (yellow) processes. 

(I) Schematic explaining microglial turnover rate 

(TOR) as readout for process motility. 

(J–N) TOR of microglial fine processes comparing 

ctrl, sparse, and dense GB infiltration (J); fraction 

of stable, gained, and lost microglial processes 

(K–M); and microglia density (N). (J–N: n = 13 ctrl, 

14 sparse, 10 dense FOVs in n = 5 ctrl, 7 sparse, 3 

dense mice.) 

Violin plots depict the full data distribution; line 

indicates the median. *p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001, ns p > 0.05 by un-

paired t test (B), unpaired t test (F and G), and one- 

way ANOVA with �Sı́dák’s multiple comparison test 

(J–N). 

Scale bars: 3 mm (A), 200 μm (D, left), 100 μm (D, 

right), 20 μm (E and H, second horizontal panel), 

and 10 μm (H, bottom).

in XY to 100 μm windows; Figures 5C, 5F, 

and 5N–5R). Within horizontal volumes, 

we identified four microglial subsets pri-

marily distinguished by tumor proximity 

and migratory behavior (Figures 5J–5M). 

Notably, microglia in Cluster 1 (CXY1), 

located within the CC in close proximity 

to GB cells, exhibited increased migra-

tion distances, consistent with prox-

imity-dependent activation. In contrast, distant cortical subsets 

(CXY3) remained largely sessile. To determine whether the prox-

imity-dependent heterogeneity of microglial subsets at the FIZ 
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Figure 5. Microglia subsets differ by their migration properties towards invading tumor cells 

(A and B) Schematic illustration of the experimental timeline (A) and imaging at the FIZ (B). 

(C) 3D side projection of microglia (green) through the entire cortex and into CC harboring migrating GB cells (magenta). 

(D) Cortical microglia from the region labeled in (C) in the absence of GB cells were imaged over 48 h. Arrows indicate stationary microglia. Bottom: zoom. 

(E) Microglia in CC from the labeled region in (C) depicting an early GB infiltration time point. Arrows indicate stationary microglia. Bottom: zoom showing mi-

croglia migration (cyan trajectory). 

(F) Visualization of an x,z-dimension sub-volume as indicated in (C), in which individual microglia are displayed as dots with a color coding from blue to red 

depending on their traveled distances over 48 h. The migration direction of each microglia is displayed as a dashed line. GB cells (magenta) within the CC. The 

orange dashed line indicates a 150 μm perimeter around infiltrating GB cells. 

(G) Microglia traveled distances per day at >150 or <150 μm range to the next GB cell (n = 5 mice). 

(H) Variances of six nearest neighbors of microglia comparing CTX and CC (CTX n = 5 and CC n = 4 mice). 

(I) 3D principal component analysis (PCA) reveals 4 distinct sub-groups of microglia in x,y-volumes (n = 1,055 cells). 

(legend continued on next page) 
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identified in horizontal volumes was maintained across cortical 

depth, we applied the same clustering strategy to vertical sub- 

volumes (Figure 5N). Vertical clustering confirmed a similar orga-

nizational principle. Microglia located within tumor-infiltrated re-

gions (CZ1) exhibited increased traveled distances but moved 

non-directionally, whereas cortical microglia (CZ4) remained 

largely sessile. Importantly, only the CZ2 subset displayed 

directed migration toward GB cells, reflected by a consistent 

reduction in distance to the nearest tumor cell (Figures 5O–5R). 

Together, these data demonstrate proximity-dependent hetero-

geneity of microglial migratory phenotypes at the FIZ.

CX3CR1-deficiency decreases tumor growth and GB 

cell velocity

We next investigated potential mechanisms underlying microglia- 

GB cell interactions, focusing on chemokine signaling via CX3CR1, 

a microglial receptor regulating homeostasis and migration.62,66,67

GBs were induced in heterozygous Cx3cr1gfp/wt and homozygous 

CX3CR1-deficient Cx3cr1gfp/gfp littermates (Figure 6A). After local-

izing the FIZ by THG/CC signal and GB cell presence (Figure 6B), 

we quantified GB cell densities over three consecutive days 

(Figure 6C). GB cell expansion was attenuated in CX3CR1-defi-

cient mice, with density increases of 44% versus 26% at day 1% 

and 94% versus 41% at day 2 in Cx3cr1gfp/wt and Cx3cr1gfp/gfp, 

respectively (Figure 6D). By tracking individual microglia and GB 

cells over three days, we found that CX3CR1-deficient microglia 

migrated 71% faster than in Cx3cr1gfp/wt mice, whereas GB cells 

showed a 29% reduced velocity (Figures 6E–6I; Video S7). To 

determine whether the altered migration velocity of microglia 

was accompanied by changes in local surveillance, we analyzed 

microglial process turnover across control, sparse, and dense 

GB infiltration stages (Figure 6J). In Cx3cr1gfp/wt mice, microglial 

fine process motility showed a biphasic pattern, with turnover 

increasing (+18%) from control to sparse GB infiltration and 

decreasing (−29%) from sparse to dense GB stages (Figure 6K). 

These changes were consistent with our earlier observations 

(Figure 4J). In contrast, in Cx3cr1gfp/gfp mice, microglia did not 

exhibit an initial motility increase upon sparse infiltration (+1%) 

but showed a decline of ∼15% in dense conditions (Figure 6K). 

Baseline microglial fine process turnover did not differ between ge-

notypes, indicating that CX3CR1 deficiency primarily altered dy-

namic responses to GB infiltration rather than intrinsic surveillance 

capacity. Since microglia have a high phagocytic capacity, we 

examined whether this correlated with reduced GB cell expansion 

and migration in Cx3cr1gfp/gfp mice. We quantified phagocytic 

structures (Figure 6L) as morphological correlates of engulfment 

activity.68–72 These structures appeared as small, cup-like or 

bulbous microglial protrusions associated with ongoing or recent 

phagocytosis and measured 10.2 ± 3.6 μm in diameter. The 

number increased with the GB-infiltration stage in microglia of 

both genotypes. However, CX3CR1-deficient microglia had 2.2- 

fold more phagocytic structures at sparse and 3-fold more at 

dense GB-infiltration stages than microglia in Cx3cr1gfp/wt mice 

(Figure 6M). Whereas control heterozygous microglia showed a 

moderate correlation between microglial fine process motility 

and number of phagocytic structures (Figure S3A), this correlation 

was absent in Cx3cr1gfp/gfp mice (Figure S3B). Importantly, micro-

glial density increased similarly in both genotypes across stages, 

excluding cell numbers as a confounding factor (Figure S3C). 

These findings indicate that CX3CR1 deficiency enhances micro-

glial migration over days and increases their reactivity in our GB 

mouse model, as reflected by persistently elevated phagocytic 

structures, whereas fine process motility remained unchanged. 

These alterations were accompanied by reduced GB cell expan-

sion and migration at the FIZ, suggesting that CX3CR1 signaling 

contributes to microglial engagement with infiltrating GB cells 

and influences GB dynamics within this critical niche.

CSF1R-mediated microglia reduction reduces GB cell 

migration and TM plasticity

To further define the contribution of microglia to GB cell invasion 

at the FIZ, we depleted microglia using the CSF1R inhibitor 

PLX5622. CSF1R signaling is required for microglial survival, 

and its pharmacological inhibition with PLX5622 reliably reduces 

microglial numbers in vivo.73 Although CSF1R inhibition has 

been reported to influence GB growth,74 its effect on the dy-

namic behavior of infiltrating GB cells at the FIZ remains unclear. 

Because TM remodeling is critical for GB cell connectivity and 

long-range infiltration, we examined whether microglia depletion 

alters TM plasticity at the FIZ. We induced GBs in Cx3cr1gfp/wt 

mice, implanted cranial windows as described previously, and 

performed baseline 3P-imaging prior to microglia depletion. 

We monitored GB cell migration over several days and TM plas-

ticity at the FIZ (Figure 7A). Microglial densities were measured 

before as well as at 7 and 14 days after initiation of PLX5622 

treatment, which resulted in a 76% reduction in microglia 

(Figures 7B and 7C). At the same time, GB cell density remained 

unchanged irrespective of the presence of microglia (Figures 7D 

and 7F). However, microglia depletion significantly reduced the 

migration velocity of GB cells in comparison with baseline 

(−62%) and control-treated mice (−57%) (Figures 7E and 7F). 

The absence of microglia particularly affected the fraction of 

fast-migrating GB cells (>55 μm/48 h), which decreased by 

∼76% (Figures 7G and 7I). As GB migration depends on dynamic 

(J–L) Distance to next GB cell (J), distance variance between 6 nearest neighbors (K), and traveled distance (L) of microglia comparing the four subgroups (C1: n = 

3, C2, C3: n = 4, C4: n = 5, ctrl = 5 mice). 

(M) Schematic visualization of the 4 clusters with respect to their relative distance to the next GB cells, their variance in distances amongst each other, and their 

respective traveled distances, depicted by the arrow length. 

(N) 3D PCA showing 4 distinct subgroups of microglia found in the data obtained from x,z-volumes (n = 1,328 cells). 

(O–Q) Distance to next GB cell (O), traveled distance (P), and change (Δ) in distance to closest GB cell (Q) of microglia, comparing the four subgroups (O: C1–C3: 

n = 6, C4: n = 5 mice; numbers in P as in O; Q: C1 n = 5, rest as in O and P). 

(R) Schematic visualization of the 4 clusters with respect to their distance to the next GB cell, traveled distance, and Δ-distance to GB cell depicted by the arrow 

length and orientation. 

Violin plots depict the full data distribution; line indicates the median. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by unpaired t test (G and H), one-way 

ANOVA (J–L, O, and P), Kruskal-Wallis (Q). 

Scale bars: 50 μm (D, E, and overviews), 10 μm (E, lower), and 5 μm (D, lower).
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remodeling of TMs,13,57,75 we next quantified TM plasticity at the 

FIZ. Longitudinal 3P imaging revealed dynamic TM remodeling 

(Figure 7J; Video S8). However, the Euclidean distance to nearby 

microglia did not correlate with TM dynamics (Figures S4A and 

S4B), suggesting that proximity to microglia is not sufficient to 

modulate TM dynamics. We therefore quantified TM plasticity 

in the absence of microglia (Figure 7K). At baseline, before mi-

croglia depletion, TM turnover values were comparable between 

groups (Ctrl: 32.6% ± 2.0% versus PLX: 35.5% ± 1.5%). In con-

trol-treated mice, TM turnover remained essentially stable over 

two weeks (∼2% change). In contrast, TM turnover decreased 

by ∼25% in the absence of microglia over the two-week period 

(Figure 7L; Video S8). Together, these results suggest that micro-

glia support GB cell migration and TM plasticity at the FIZ, point-

ing to targetable vulnerabilities within the microglia-GB axis that 

may be leveraged to modulate tumor invasion.

DISCUSSION

In this study, we combined longitudinal 3P imaging with an 

immunocompetent autochthonous GB model to characterize mi-

croglia-tumor interactions at the FIZ and identified a biphasic 

Figure 6. CX3CR1 deficiency alters microglial reactivity to infiltrating GB cells 

(A) Schematic of the experimental timeline. 

(B) 3D x,z-projection of the FIZ with microglia (green), GB cells (magenta), and CC (cyan). 

(C) Time lapse of GB cells over 48 h in the CC comparing Cx3cr1gfp/wt (Het) and Cx3cr1gfp/gfp (KO). 

(D) Changes in GB cell density over 48 h comparing Het and KO mice (n = 6 mice per group). Mean ± SEM. 

(E) Time-lapse x,z-projections over 48 h of volumes covering the cortical column and CC. 

(F and G) Individual microglia (F) and GB cells (G) of insets in (E) were tracked in Imaris (spheres), enabling the generation of migratory tracks for each cell. 

Examples of Het (left) and KO (right) comparing microglia (F) and GB cells (G). 

(H) Microglia velocity comparing Het and KO mice (n = 6 Het and n = 7 KO mice). 

(I) Velocity of GB cells in Het and KO recipient mice (n = 8 Het and n = 7 KO mice). 

(J) Representative images of microglia and their fine process turnover at distinct GB progression stages (ctrl, sparse, dense). Left: THG (gray), microglia (green), 

and GB cells (magenta). Right: Subsequent time points (0 min, 5 min) were superimposed (Δt = 5 min) to measure gained (green), lost (red), and stable (yellow) 

processes. 

(K) Turnover rate of microglial fine processes as a measure of their surveillance activity (i.e., microglial motility) across GB-infiltration stages in Het versus KO 

recipient mice (ctrl: nHe t = 5, nKO = 5; sparse nHet = 7, nKO = 6; dense nHet = 6, nKO = 8 mice). Mean ± SEM. 

(L) Examples of phagocytic structures (arrows) in microglia comparing Het and KO mice. 

(M) Density of phagocytic structures comparing Het and KO mice for ctrl (nHet = 6, nKO = 5), sparse (nHet = 6, nKO = 6), and dense (nHet = 5, nKO = 7) GB cell 

infiltration conditions mean ± SD. 

Violin plots (H and I) depict the full data distribution; line indicates the median. n.s. not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 by t test (H and 

I), two-way repeated measures ANOVA (D), two-way ANOVA (K and M). 

Scale bars: 100 μm (B and E), 50 μm (C and J), and 20 μm (L).
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surveillance response, heterogeneous migratory phenotypes, and 

CX3CR1- and CSF1R-dependent effects on GB dissemination. 

The diffuse nature of GBs and their aberrant TME remain major 

therapeutic barriers, and the limited translational success of immu-

notherapies underscores shortcomings of existing preclinical 

models.76,77 Xenografts lack immune competence, and commonly 

used syngeneic models such as GL261 incompletely reflect hu-

man disease biology. To overcome limited access to distant infil-

tration zones, we carried out 3P intravital microscopy in an autoch-

thonous immunocompetent GB model7,45 to visualize FIZ within 

Figure 7. CSF1R inhibition decreases GB cell migration and TM plasticity 

(A) Schematic of the experimental timeline. 

(B) Exemplary images of microglia in a Cx3cr1gfp/wt mouse at 0 and 14 days of PLX5622 treatment. 

(C) Microglia density measured at three time points (0, 7, and 14 days of treatment). (Ctrl n = 5, PLX n = 6 mice) 

(D) Time-lapse images over 48 h of GB cells (magenta) within CC (gray) of the FIZ comparing ctrl and PLX-treated mice. Insets: zoom of GB cells. 

(E) Exemplary GB cell trajectories (0–48 h) of Ctrl and PLX-treated mice. 

(F) Normalized changes in GB cell density within the imaged volume over 48 h (n = 5 mice/group). 

(G) GB cell velocity prior to treatment (Pre), after 14 days of control diet, and 14 days of PLX. (Pre n = 8, Ctrl n = 5, PLX n = 6). 

(H) Relative frequency distribution of GB cell velocity. Cell movement was binned to 5 μm units. (n = 812 (ctrl) and n = 754 (PLX) GB cells from n = 6 mice per group). 

(I) Percentage of GB cells with an average velocity of more than 55 μm/48h comparing control (Ctrl) and PLX-treated (PLX) mice (n = 6 mice Ctrl and n = 6 PLX). 

(J) Example of a GB cell at the FIZ. Two time points (Δt 100 min) were pseudo-colored and overlaid (t = magenta, t + 100 min = cyan) to visualize TM plasticity. 

Magenta segments indicate TMs present at t but retracted by t + 100 min; cyan segments denote newly extended TMs; magenta/cyan overlap appears white, 

indicating stable segments. 

(K) Exemplary images of pre- and post-14 d PLX5622 treatment showing GB cells (magenta) and microglia (green) on the left. Right: two time points (0, 100 min) 

and their respective pseudo-colored overlay (t = magenta, t + 100 min = cyan). 

(L) TM turnover before (pre) and after (post) PLX treatment comparing controls (Ctrl, vehicle-treated) and (PLX, PLX5622-treated) mice (Ctrl n = 8 and PLX n = 

10 mice). 

Violin plots (I and L) depict the full data distribution; line indicates the median. Other data are represented as mean ± SD. n.s. not significant, * p < 0.05, ** p < 0.01, 

*** p < 0.001, **** p < 0.0001 by one-way ANOVA (C, F, and G), unpaired t test (I), two-way ANOVA followed by Holm-�Sı́dák post hoc test (L). 

Scale bars: 200 μm (B), 100 μm (D, overviews), 50 μm (K, left), 40 μm (D, upper inset), 20 μm (D, lower inset; K, right), and 5 μm (J).
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intact CC white matter. We first investigated the relationship be-

tween TMs and GB cell migration. TMs are long, thin protrusions 

that integrate GB cells into multicellular networks,58,78 conferring 

resilience against multimodal treatment regimens.57,75,79 Net-

worked GB cells display ramified morphologies, whereas infiltra-

tion is driven by less connected cells.13 Previous 3P microscopy 

described TM dynamics near the tumor bulk.53 We found a large 

fraction of fast-migrating GB cells in the CC, in contrast to GB cells 

in the cortex that were primarily stationary. Our findings demon-

strate an inverse correlation between TM abundance and GB cell 

migration velocity at the FIZ, consistent with observations near 

the tumor bulk. TM abundance may therefore restrain migratory 

behavior while promoting network integration. Importantly, we 

and others have shown that targeting TMs disrupts tumor connec-

tivity and represents a potential therapeutic strategy.80,81 Howev-

er, our findings indicate that reducing TM connectivity may 

enhance the migratory capacity of individual tumor cells. We found 

that GB cells migrate faster in the CC than in the cortex, potentially 

reflecting differences in extracellular matrix composition. Although 

the myelin-enriched CC contains migration-inhibiting proteins 

such as Nogo-A and myelin-associated glycoprotein, GB cells ex-

press proteases capable of cleaving these molecules, thereby 

potentially converting the CC into a permissive migratory scaf-

fold.82 Within the non-neoplastic TME, microglia constitute up to 

∼30% of the tumor bulk and closely interact with GB cells. Howev-

er, their pro- or anti-tumor roles remain incompletely understood, 

likely reflecting functional heterogeneity.16,19,83,84 Prior in vivo 

studies using 2P-microscopy in cortical implantation models 

(e.g., GL261) demonstrated microglial de-ramification and migra-

tion near the tumor bulk.32–34 However, longitudinal measure-

ments of microglial migration and fine process motility in deep 

white matter and distant infiltration zones have not been per-

formed. Using 3P microscopy, we quantified microglial fine pro-

cess dynamics at distant infiltration zones. We identified a marked 

loss of cellular complexity of microglia, consistent with reports of 

microglial de-ramification in GB models and human sam-

ples.34,85–89 Microglial density was also increased, consistent 

with human samples and mouse models.16 Strikingly, microglial 

process motility initially increased upon sparse infiltration of GB 

cells into the CC but declined in densely infiltrated regions. This 

biphasic response may reflect a transition from an early reactive 

state to tumor-instructed functional reprogramming.21,90,91 Our 

measurements of microglial motility in the GB-infiltrated cortex, 

however, did not recapitulate this biphasic pattern but instead 

showed a more uniform reduction of motility under dense infiltra-

tion conditions. These data suggest fundamental differences in mi-

croglial behavior between the CC and cortex, potentially related to 

different microenvironments in white and gray matter.92–94 Our 

immunocompetent model allowed investigation of microglia-tu-

mor interactions in vivo.53 Although microglial recruitment to the 

FIZ has been proposed,26,32 its kinetics remained undefined. 

Consistent with previous studies reporting only minimal microglial 

migration in the cortical parenchyma in the absence of patholog-

ical stimuli,11,62,95,96 we also observed very little microglial migra-

tion within the non-infiltrated cortex. We found that microglia 

migrated towards GB cells within a distance of ∼150 μm at the 

FIZ. This fits well with previous studies across different lesion 

models observing a recruitment radius of microglia between 

100–200 μm.97 Microglial behavior at the FIZ was heterogeneous, 

consistent with single-cell and spatial transcriptomic studies in GB 

and other disease contexts.7,26,83,98,99 We also investigated the 

molecular underpinnings of microglial recruitment to the FIZ. A po-

tential mechanism involves the CX3CR1-CX3CL1 axis. CX3CR1, 

the sole receptor for fractalkine (CX3CL1), is a critical regulator 

of microglial homeostasis, influencing phagocytic activity and 

migratory behavior.62,66,67,100,101 GB cells can express and secrete 

CX3CL1,102,103 although the consequences of this signaling axis 

for tumor proliferation and invasion remain incompletely under-

stood. Prior studies on glioma reported divergent outcomes of 

CX3CR1 deficiency.104,105 Interestingly, in patients, CX3CR1- 

reducing polymorphisms that lower receptor function have been 

linked to prolonged survival.106,107 Our findings provide additional 

spatial context by showing that CX3CR1 deficiency in FIZ micro-

glia leads to enhanced microglial migration and increased phago-

cytic structures. These changes coincide with reduced GB cell ve-

locity and density in line with recent work demonstrating elevated 

microglial reactivity in CX3CR1-deficient mice, suggesting that 

enhanced microglial reactivity may constrain GB invasion at 

distant sites.67 Our findings indicate that selective alteration of 

this pathway may modify microglial behavior and limit GB invasion 

at the FIZ, highlighting CX3CR1 as a potential therapeutic target. 

Notably, both small-molecule and biologic antagonists of 

CX3CR1 have been reported.108,109

Placing this in a broader therapeutic context, we examined 

how pharmacological microglial depletion affects GB cell dy-

namics using the CSF1R inhibitor PLX5622. CSF1R targeting 

has yielded heterogeneous, context-dependent outcomes 

across GB models and clinical trials. The landmark study by 

Pyonteck et al.74 demonstrated that CSF1R inhibition with 

BLZ945 reprogrammed microglia and macrophages, resulting 

in tumor regression and prolonged survival. Additional benefits 

were reported when CSF1R blockade was combined with 

VEGFR inhibition (GW2580)110 or radiotherapy (PLX3397).111

Yet responses were transient in some proneural models and clin-

ical trials failed to demonstrate clear efficacy, highlighting strong 

subtype- and context-dependence.112–119 In our autochthonous 

mesenchymal GB model, CSF1R inhibition with PLX5622 

reduced microglia and coincided with slower GB migration and 

impaired TM plasticity at the FIZ. Such effects may reflect loss 

of microglia-derived trophic factors, including TGF-β, IGF-1, 

and MMP activity. Supporting this idea, microglial TGF-β 

promotes invasion via MMP-2,120 whereas Watson et al.121

showed that CSF1R inhibition can induce TGF-β-driven fibrotic 

niches that facilitate recurrence. Collectively, these findings indi-

cate that CSF1R targeting may transiently restrain invasion, but 

the outcome likely depends on tumor subtype and TME context.

Our study provides mechanistic insight into GB cell migration 

and infiltration dynamics at the FIZ in relation to microglial dy-

namics in an immunocompetent mouse model. By interfering 

with microglial function, both pharmacologically and genetically, 

we show that microglia are important modulators of GB cell 

migration and TM plasticity.

Limitations of the study

Our work indicates a biphasic microglial surveillance response 

during increasing GB infiltration at the FIZ; however, the molec-

ular states underlying these functional changes remain unde-

fined. Cx3cr1gfp/wt heterozygosity may influence microglial 
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behavior,105 and our findings may not generalize to other GB 

subtypes beyond the mesenchymal model used here. Additional 

limitations include the restricted genetic complexity of the 

autochthonous model, which does not recapitulate the broader 

genetic and epigenetic spectrum of human GB (e.g., MGMT pro-

moter methylation). Postnatal plasmid injection can elicit a tran-

sient inflammatory response, typically resolving within 

∼3 weeks122; importantly, longitudinal imaging was performed 

exclusively in the contralateral hemisphere, spatially separated 

from the induction site. Finally, variability in penetrance and tu-

mor burden represents a model-inherent constraint yet mirrors 

human GB heterogeneity.
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and Alexandra Brüggemann from the Institute of Neuropathology, University 

Hospital Bonn, Bonn, Germany, for their support with tissue processing. We 

thank Pinzhang Lu for technical assistance. We thank Róisı́n McManus for 
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STAR★METHODS

KEY RESOURCES TABLE

METHOD DETAILS

Animals

Mice were group-housed and separated by gender with a day/night cycle of 12 hr. Water and food were accessible ad libitum. All 

experiments were performed according to animal care guidelines and approved by the Landesamt für Natur, Umwelt und Verbrau-

cherschutz of North Rhine-Westphalia (Germany) (#81-02.04.2018.A148). C57BL/6J (Stock:000664) were obtained from Jackson 

Laboratory. CX3CR1-GFP knock-in mice carry the international name: B6.129P-CX3CR1tm1Litt/J (Stock: 5582) Jackson Laboratory. 

The mouse line expresses eGFP in monocytes, dendritic cells, NK cells, and microglia in the brain. The Gfp gene is introduced as a 

knock-in into the allele of the Cx3cr1 gene (chemokine C-X3-C motif receptor 1). These mice were first described by Jung et al.61

In vivo electroporation

Tumor induction was performed as described before.7 In short, two separate plasmids were injected into the left ventricle of mice at 

postnatal day 2 after 60–90 sec of cold-shock immobilization. One plasmid contained the gRNAs for Nf1, Pten and P53 alongside the 

tdTomato fluorescent reporter under the hminGFAP reporter.7 The other carried the episomal SpCas9 and the transposase for stable 

tdTom expression in the transfected NSCs and their progeny. The PiggyBase (0.5 μg/μl) and PiggyBac vectors at a molar ratio of 1:1 

were diluted in TE buffer together with 0.1% fast green dye (Sigma) for visual tracing of the injection. Electroporation was performed 

with 5 square pulses with 50 ms per pulse at U=100V and with 850 msec intervals.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Buprenorphine Reckitt Benckiser

Isoflurane Virbac Vetflurane®

Metamizol-Natrium 1 H2O Serumwerk Bernburg Metapyrin, CAS: 68-89-36

Ketamin Medistar Ketamin 10% Inj.-Lsg.

Xylacin Bayer Rompun®

Texas Red ThermoFisher Cat# 1864

Ki-67 Antibody Abcam Cat#16667; RRID: AB_302459

CD11b Antibody BD Biosciences Cat#565080;RRID: AB_2722548

CD44 Antibody BD Biosciences Cat#558739;RRID: AB_397098

CD68 Antibody Biolegend Cat#916104; RRID: AB_2616797

PBase bicistronic construct with SpCas9, 

PiggyBase under hGFAPmin promoter

Simona Parrinello N/A

PBvectortdTomato fluorescent reporter, 

sgRNAs for Nf1, Pten and Trp53.

Simona Parrinello N/A

Fastgreen Sigma Cat#P6148

Critical commercial assays

Plasmid Mega Kit Qiagen Cat#12181

Experimental models: Organisms/strains

Mus musculus: C57BL/6J The Jackson Laboratory Strain #: 0664; RRID:IMSR_JAX:000664

Mus musculus: B6.129P-CX3CR1tm1Litt/J The Jackson Laboratory Strain #: 5582; RRID:IMSR_JAX:005582

Software and algorithms

Fiji https://fiji.sc/ N/A

Imaris https://imaris.oxinst.com/ N/A

Python https://www.python.org/ N/A

GraphPad Prism https://www.graphpad.com/ N/A

Zen microscope software https://www.zeiss.com/ 

microscopy/de/home.html

N/A

Biorender https://biorender.com/ N/A

ll
OPEN ACCESS Article 

e1 Immunity 59, 1075–1091.e1–e4, April 14, 2026 



Cranial window surgery

Cortical window surgery was carried out four weeks prior to imaging. Mice were anesthetized with an intraperitoneal (i.p.) injection of 

ketamine/xylazine (0.13/0.01 mg/g body weight). As an analgesic, mice received buprenorphine (0.1 mg/kg subcutaneously (s.c.), 

Reckitt Benckiser) shortly before surgery. The body temperature was maintained with a heating pad at 37◦C. After fixation in a ste-

reotaxic frame, the skin was removed under aseptic conditions. Using epifluorescence, the location of the bulky tumor was visualized 

below the left somatosensory cortex and accordingly a craniotomy above the right somatosensory cortex (4 mm diameter) was per-

formed with a dental drill. The dura was carefully removed. The brain surface was rinsed with sterile saline, and #1 coverslips (4 mm 

diameter) were sealed into the craniotomy with dental cement. Post-surgery, mice received metamizol (200 mg/kg) in the drinking 

water for 3 consecutive days. For head-fixation during in vivo imaging a headpost (Luigs & Neumann) was cemented adjacent to 

the imaging window.

Microscope

The microscope has recently been described in detail by our group.51 In short, 3P-excitation is achieved with a wavelength-tunable 

excitation source from Spectra Physics (NOPA, Spectra Physics) pumped by a femtosecond laser (Spirit, Spectra Physics). The laser 

repetition rate is maintained at 2 MHz. The 2P excitation source is a Ti:sapphire laser (Chameleon Ultra II, Coherent). The laser repe-

tition rate is at 80 MHz. Images are taken with a multiphoton microscope built of a Thorlabs microscope base (EMB100/M) and pri-

mary scan path optics with 900–1900 nm coatings. Two GaAsP photomultiplier tubes (PMT2100, BDM3214-3P, Thorlabs) are used 

for non-descanned detection. ThorImage (Version 4.3, Thorlabs) is used to control imaging parameters. A 25x water immersion mi-

croscope objective with the numerical aperture of 1.05 (XLPLN25XWMP2, Olympus) is used. Green and red signals are separated by 

a 488 nm dichroic mirror (Di02-R488, Semrock) and 562 nm dichroic mirror (FF562-Di03). Then the eGFP and third harmonic gener-

ated (THG) signals are further filtered by a 525/50 nm band-pass filter (FF03-525/ 50, Semrock) and 447/60 nm (FF02-447/ 60, Sem-

rock) band-pass filter, respectively. Lateral movements are done with the 2D stepper motor (PLS-XY, Thorlabs), z-stacks are ac-

quired using the built-in z-axis motor or a piezo focus device (PFM450, Thorlabs).

In vivo imaging

Mice were anesthetized with isoflurane (1% in 0.7l O2/min.) and head-fixed under the microscope on a heating pad at 37◦C. Deep 

overview in vivo z-stacks were recorded with depth increments of 7 μm and 0.65 μm/pixel resolution and 1.49 μs pixel dwell time. 

Z-stacks spanned 900–1100 μm from the pial surface through the somatosensory cortex and CC. For visualization of CC and tdTom+ 

GB cells excitation wavelengths of λEx=1650nm was used. Microglia (CX3CR1-GFP) and GB cells (tdTomato) were co-imaged using 

λEx=1300nm. For the measurement of microglial fine process motility, z-stacks of 166.4x166.4x130–150 μm were acquired at 5 μm 

depth increments, 0.162 μm/pixel, 0.99 μs or 1.49 μs dwell time and with a 5-minute time-interval between z-stacks for a period of 25– 

30 minutes. Measurements of TM plasticity were performed by acquiring image stacks of 332 × 332 × 150–300 μm at a resolution of 

0.325 μm/pixel, with a dwell time of 1.49 μs and a z-step size of 5 μm. Repeated z-stacks were collected every 10 minutes for at least 

12 consecutive time points.

PLX5622 treatment

Mice were treated with the CSF1R inhibitor PLX5622 (1200 mg/kg diet; equivalent to1200 ppm; Research Diets, Inc.), formulated in a 

Poloxamer407–DMSO vehicle and incorporated into a standard AIN-76A rodent diet. Control animals received matched chow con-

taining vehicle alone. Animals had ad libitum access to chow, which was exchanged every 2–3 days. Food intake was monitored by 

weighing chow at each exchange to confirm sufficient consumption, and male mice were single-housed to avoid dominance effects 

on food intake.

Histology

Mice were deeply anesthetized with an i.p. injection of ketamine/xylazine and transcardially perfused with saline followed by either 

4% paraformaldehyde (PFA) or directly fresh frozen at -80◦C after extracting the brain. For visualization of the tumor anatomy and 

infiltration, brains were cut into 70 μm thick coronal slices. The tdTomato from the Piggybac system remained clearly visible without 

counterstaining. During tissue permeabilization (0.5% Triton-X100, 1h), DAPI was added to the free floating sections for 30 minutes 

(1:10000). For the visualization of CD44, CD11b and Ki67, coronal 70 μm slices were permeabilized (0.5% Triton-X100, 1h) and sub-

sequently incubated with the respective antibodies (CD44, CD11b, Ki67) in a blocking reagent (4% normal goat serum, 0.4% Triton, 

and 4% BSA in PBS) over night at room temperature. After washing the samples three times with PBS, secondary antibodies were 

administered (Alexa Fluor 647, A21235, Alexa Fluor 594, A11058, Alexa Fluor 488, A48262) in 5% normal goat serum/BSA and incu-

bated for 2h at room temperature. During the last 15 minutes of incubation DAPI was added (5mg/ml, 1:10000). Afterward slices were 

washed three times with PBS, mounted with Dako Mounting Medium, and covered with a glass cover-slip.

Confocal microscopy

For the visualization of GB cell infiltration patterns LSM800 microscope (Zeiss) was used. Entire coronal PFA-fixed brain slices of 

70 μm thickness were imaged using a 20x Objective, with a lateral resolution of 0.624 μm/pixel. DAPI- (EX: G 365, dichroic: FT 

395, EM: BP 445/50), tdTomato (EX 561/10, dichroic: 573, EM: 600/50) filter-sets were used.
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Human Samples

Human pretreatment GB samples were derived from Patients within the GLORIA Trial123 (SNOXA12C401, 2018-004064-62, 

NCT04121455) including patients with newly diagnosed, histologically confirmed, supratentorial CNS WHO grade 4 GBs, MGMT pro-

moter methylated.

QUANTIFICATION AND STATISTICAL ANALYSIS

Microglial motility analysis

In general, microglial motility was analyzed as described before.62,63 In short, stacks were initially rigidly registered using subpixel 

image registration by cross-correlation124 provided by the open-source python image processing library Scikit-image.125 Individual 

stacks were then median filtered and individual microglia were identified by scrolling through the stacks at each time point and crop-

ped using ImageJ. Z-stacks spanning 35 μm in depth were isolated from the original z-stack. Stacks were registered by applying the 

ImageJ ‘StackReg’ plugin.126 For all time points, the average intensity projections were calculated, resulting in a 2D visualization of 

microglia and their fine processes. Individual 2D images were merged into a stack. Time points were pseudo colored in red and green. 

Red areas account for lost, green for gained and yellow for stable microglial fine processes. The turnover rate (TOR) of individual mi-

croglia processes was calculated as the number (absolute pixel value) of lost, Nlost (red), and newly gained, Ngained (green) pixels 

divided by the sum of all pixels within a determined region of interest (ROI). Building up on these manual analyses we implemented 

a custom analysis pipeline for automated quantification written in Python as described before51,127; in summary, we calculated the 

temporal variation ΔB(ti) of binarized images by subtracting the binarized image B(ti+1) at time point ti+1 from the binarized image B(ti) 

at time point ti: ΔB(ti) = 2×B(ti+1)- B(ti) for i=0, 1, 2, …, N-1, where N is the total number of all time lapse time points. Pixels in ΔB(ti), that 

have the value 1, were categorized as stable pixels, whereas pixels with the value -1 were categorized as gained pixels, and pixels 

with the value 2 as lost pixels. The microglial fine process motility was then assessed by calculating the turnover rate (TOR) as the ratio 

of the number of all gained pixels Ng(ti) and all lost pixels Nl(ti) divided by the sum of all pixels: TOR(ti) = (Ng(ti)+ Nl(ti)) / (Ns(ti) + Ng(ti)+ 

Nl(ti)), where Ns(ti) is the number of all stable pixels. The average turnover rate TOR was calculated by averaging TOR(ti) over all N-1 

time lapse time points.

Migration analysis

Motion correction of the 4D imaging data (3D spatial volumes over time) was performed by rigid-body registration. Each time point 

was aligned to a fixed reference volume (stack 0) using phase cross-correlation with subpixel precision124 as implemented in the Py-

thon package scikit-image.125 Migration of microglia and GB cells was tracked using the ‘‘Spots’’ function in Imaris (Oxford Instru-

ments). Sub-volumes of approximately 100 μm thickness were defined either (1) spanning the entire XY dimension within non-infil-

trated and infiltrated regions of cortex and CC, or (2) spanning the full Z-axis while restricted to 100 μm in the XY plane. All analyses 

were performed in 3D without projection. Cells were manually annotated at the first time point and tracked over time using the au-

toregressive motion algorithm implemented in Imaris. The maximum gap size was set to 0 and gap closing was disabled. Estimated 

cell diameters were set to 7 μm for microglia and 12 μm for GB cells to optimize spot detection. Only cells that could be continuously 

tracked throughout the entire imaging interval were included in the analysis. Cells entering or leaving the imaging volume during 

acquisition were excluded. For each tracked cell, 3D spatial coordinates (x, y, z) were extracted at each time point. Traveled distance 

was calculated as the cumulative 3D path length along the reconstructed trajectory. Mean velocity was defined as total 3D path 

length divided by total tracking time. For proximity analyses, exported coordinates were processed in Python. Euclidean distances 

were computed in 3D space. Nearest-neighbor distance was defined as the minimal Euclidean distance to the closest GB cell (for 

microglial analyses) or to the closest cell of the same population (for spatial organization analyses), excluding the reference cell itself. 

Migration directionality toward GB cells was quantified as the change in Euclidean distance between consecutive time points, calcu-

lated as Δd = d(t) − d(t+1). Positive Δ-distance values therefore indicate movement toward GB cells, whereas negative values indi-

cate movement away from tumor cells.

Tumor microtubes

Cellular protrusions were classified as previously described.13 TMs were defined as between 1.25–3 μm thick and with a length of at 

least 10 μm. TM length and diameter were manually measured in ImageJ (Fiji) on individual optical sections of three-photon z-stacks.

TM Plasticity

Tumor microtube (TM) plasticity was quantified analogously to microglial fine process turnover using a pixel-based approach. Time- 

lapse image series consisted of approximately 12 consecutive z-stacks acquired at 10-minute intervals. Stacks were first motion- 

corrected as described above. For analysis, individual GB cells were manually cropped in 3D from the motion-corrected z-stacks 

to exclude neighboring tumor cells and restrict analysis to single-cell TM structures, with cropping confined to a depth of 35 μm 

(7 contiguous optical sections at 5 μm z-steps). Subsequent processing and analysis were performed using the MotilA analysis pipe-

line.127 Cropped volumes were projected as maximum intensity projections, binarized by intensity thresholding to segment TM struc-

tures, and analyzed for temporal variation between consecutive time points by subtraction of binarized images as described for 
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microglial process turnover. Pixels present at both time points were classified as stable segments, pixels appearing at the later time 

point as gained segments, and pixels disappearing between time points as lost segments. TM turnover rate for each interval was 

calculated as:

TM turnover(ti)= (Ngained (ti) + Nlost (ti)) / (Nstable (ti) + Ngained (ti) + Nlost (ti))

where Nstable, Ngained, and Nlost represent the number of pixels classified in each category between consecutive time points. The 

average TM turnover per imaging session was calculated by averaging turnover values across all consecutive intervals.

Principal component analysis

For the clustering analysis, tools from Pythons scikit-learn library were used. First, the data was standardized using scikit-learns 

StandardScaler algorithm. Principal component analysis was performed in order to decrease the number of feature dimensions. 

The first four principal components (PC) accounted for over 75% of the variance. Agglomerative clustering was performed, using 

the Euclidean metric and the linkage criterion ‘ward’.

Statistics

Quantifications, statistical analysis, and graph preparation were carried out using GraphPad Prism 9 (GraphPad Software Inc, La 

Jolla, CA, USA). To test for normal distribution of data, d’agostino and Pearson omnibus normality test was used for sample sizes 

of n>6 and the Shapiro-Wilk normality test for n<6. For comparisons between two normally distributed datasets, paired or unpaired 

two-tailed Student’s t tests were applied. If no normal distribution was evident, Mann-Whitney test for groups of two was used. One- 

way ANOVA with Tukey’s or Bonferroni’s multiple comparison test were performed on data sets larger than two, if normally distrib-

uted. For comparison of more than two not normally distributed data sets the Kruskal-Wallis test was performed with Dunn’s correc-

tion for multiple comparisons. If not indicated differently, data are represented as mean ± SEM.
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