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Abstract 
Background.   Glioblastoma (GBM) is a dreadful brain tumor, with a particular relationship to the adult subventricular 
zone (SVZ) that has been described as relevant to disease initiation, progression, and recurrence.
Methods.   We propose a novel strategy for the detection and tracking of xenografted GBM cells that are located in 
the SVZ, based on an intracerebroventricular (icv) recombinant adeno-associated virus (AAV)-mediated color con-
version method. We used different patient-derived GBM stem-like cells (GSCs), which we transduced first with a 
retroviral vector (LRLG) that included a lox-dsRed-STOP-lox cassette, upstream of the eGFP gene, then with rAAVs 
expressing the Cre-recombinase. Red and green fluorescence is analyzed in vitro and in vivo using flow cytometry 
and fluorescence microscopy.
Results.   After comparing the efficiency of diverse rAAV serotypes, we confirmed that the in vitro transduction 
of GSC-LRLG with rAAV-Cre induced a switch from red to green fluorescence. In parallel, we verified that rAAV 
transduction was confined to the walls of the lateral ventricles. We, therefore, applied this conversion approach in 
2 patient-derived orthotopic GSC xenograft models and showed that the icv injection of an rAAV-DJ-Cre after GSC-
LRLG tumor implantation triggered the conversion of red GSCs to green, in the periventricular region. Green GSCs 
were also found at distant places, including the migratory tract and the tumor core.
Conclusions.   This study not only sheds light on the putative outcome of SVZ-nested GBM cells but also shows 
that icv injection of rAAV vectors allows to transduce and potentially modulate gene expression in hard-to-reach 
GBM cells of the periventricular area. 

Key Points

• 	 This study details a new AAV-based method to specifically detect and track glioblastoma 
cells that nest in the subventricular zone.

• 	 GBM cells nesting in the SVZ shortly leave this region to migrate towards other brain 
areas, including the initial tumor core.

Glioblastoma (GBM) is the most frequent malignant brain 
tumor with a dismal prognosis. After a maximal safe debulking 
surgery and subsequent radio-chemotherapy,1 tumors repeat-
edly relapse, typically in the margin of the resection cavity but 
also at more distant places.2 This secondary progression of the 

disease seems to originate from the persistence of tumor cells 
that escaped surgery, resisted treatment, and initiated new 
tumor formation. Those specific features have classically been 
associated with GBM stem-like cells (GSCs), long considered 
significant actors in tumor maintenance and recurrence.3

Development of an intraventricular adeno-associated 
virus-based labeling strategy for glioblastoma cells 
nested in the subventricular zone  
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The subventricular zone (SVZ) is a neurogenic area in the 
adult mammalian brain, running along the lateral walls of 
the lateral ventricles (LV).4 Adult neural stem cells (NSCs) 
that are located in this region have been extensively char-
acterized in mice and were also detected in the SVZ of 
the adult human brain.5 Increasing clinical evidence high-
lighted that the proximity of GBM tumors with the SVZ 
was associated with greater tumor invasiveness6 and poor 
prognosis.7–9 Different studies demonstrated that the ac-
cumulation of mutations in SVZ NSCs results in glioma 
initiation in genetically engineered mouse models.10,11 In 
2018, Lee et al. demonstrated that NSCs carrying low-level 
driver gene mutations (eg, TP53, PTEN, EGFR, and TERT) 
are detected in the SVZ of GBM patients, and match with 
the mutational burden of the tumors. They also used ge-
netic models to show that NSCs with key driver mutations 
migrate out of the SVZ and develop GBM-like tumors in 
distant areas.12

Using glioma patient-derived orthotopic xenograft 
(PDOX) models, we and others previously revealed glioma 
cell chemoattraction and infiltration within the SVZ.13,14 
These SVZ-nested GBM cells display stem-like features,15 
and show modified sensitivity to ionizing radiation.16 
Another study suggested that SVZ-nested GBM cells sup-
port tumor resistance to chemotherapy.17 As a whole, these 
data point out the key contribution of the SVZ in GBM initi-
ation and progression, and putatively in GBM recurrence.

In this context, we aimed to establish an experimental 
model to specifically detect and track SVZ-nested GBM 
cells in a PDOX setting. We designed a model that consists 
of the engraftment of patient-derived GBM stem-like cells 
(GSCs) that are initially red, and conditionally turn green 
upon invasion in the SVZ where they would be trans-
duced by an adeno-associated viral (AAV) vector. AAVs are 
small, nonpathogenic single-stranded DNA (ssDNA) vir-
uses and recombinant AAV (rAAV) vectors have been ex-
tensively tested as gene delivery carriers in experimental 
as well as clinical investigations. In our approach, GSCs 
were transduced with a retroviral vector including a floxed 
dsRed/STOP cassette, upstream of the eGFP gene. Upon 
intracerebroventricular (icv) injection of rAAV delivering 
the Cre recombinase in the periventricular areas, the floxed 
dsRed/STOP cassette is excised to allow the expression of 
eGFP. In this study, we first validated the rAAV-mediated 
color conversion in vitro and further showed how SVZ-
nested GSCs can be detected and tracked in vivo, using 
regular microscopy but also tridimensional light-sheet 
microscopy after brain tissue clarification. Altogether, 
these results validate the establishment of an rAAV-based 

tracking method of GSCs that relocate in the SVZ and pave 
the way for further investigation of the SVZ role in GBM 
biology.

Materials and Methods

Cell Culture

Patient-derived GBM stem-like cells (GSCs; GB1,18,19 T033 
and T049) were established from residual tumor tissue after 
surgical resection, in collaboration with the Neurosurgery 
department of the Liège University Hospital (CHU), and 
the University Hospital Biobank (BHUL, Liège, Belgium), in 
accordance with the legal regulations on residual human 
body material. Relevant data on T033 and T049 patients and 
GSC cultures are found in Supplementary Table S1.

GSCs were cultured as neurospheres in serum-free me-
dium, consisting of DMEM/F12 containing 1× B27 without 
vitamin A (Thermo Fisher), 1% Penicillin-Streptomycin 
and supplemented with recombinant human epidermal 
growth factor 20 ng/mL, and recombinant human fibro-
blast growth factor 2 (FGF-2), 10 ng/mL (Preprotech). For 
2-dimensional cultures, GB1 cells were cultured in DMEM 
supplemented with 5% fetal bovine serum (Lonza) for the 
time of the experiment. Mycoplasma tests were performed 
on a regular basis. In culture, cells were maintained in a 5% 
CO2 humidified incubator, at 37 °C.

Viral Vector Production

Production of the LRLG retroviral vector.—HEK-293T 
cells were co-transfected together with gene transfer 
plasmid pMSCV-lox-dsRed/STOP-lox-eGFP-Puro-WPRE 
[LRLG, Addgene plasmid # 3270],20 packaging plasmid 
[CellBiolabs # RV-111] and a VSV-G encoding plasmid. 
Retroviral supernatants were collected, concentrated, fil-
trated (0.22 μM), and used to transduce GB1, T033, and 
T049 cells.

Production of recombinant adeno-associated viral 
(rAAV) vectors.—Briefly, pAAV-CMV-mRFP1, pAAV-
EF1A-Cre-T2A-eYFP or pAAV-EF1a-Cre plasmids were 
co-transfected into 293AAV Cell Line (Cell Biolabs, AAV-
100) together with a helper plasmid (Part No. 340202 VPK-
401 kit) and REP-Cap plasmid (various serotypes: pAAV-1, 
pAAV-2, pAAV-5, pAAV-8, pAAV-9, pAAV-1021 and pAAV-DJ, 

Importance of the Study

Many studies support that the adult subventricular 
zone (SVZ) can be considered as a specific niche al-
lowing glioblastoma (GBM) initiation, progression, and 
recurrence. In this context, we aimed to develop a new 
strategy to label and track the SVZ-nested GBM cells 
in a preclinical patient-derived orthotopic xenograft 

model. Such tools that allow to reliably detect hard-to-
reach GBM cells in the SVZ will help to shed light on 
their contribution to disease progression and relapse 
and open new perspectives on the genetic modulation 
of these SVZ-nested cells in a therapeutic context.

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae161#supplementary-data
https://www.cellbiolabs.com/293aav-cell-line
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an artificial capsid that was generated by DNA family shuf-
fling technology). After collection of the cell supernatant, 
rAAV vectors were titrated using ABM good kit (#GE931) 
at a concentration of 1E + 12 genome copy/mL (GC/mL; 
Supplementary methods).

rAAV Transduction of GSCs and Flow Cytometry 
Analysis

For the screening of rAAV serotypes, 50 000 naïve GB1 
cells were seeded in 6-well plates and then cultured either 
in 2D or in 3D. After 6 hours, the culture medium was sup-
plemented with 2.5 μL (2.5E + 09 gc) of rAAVs from different 
serotypes (1, 2, 5, 8, 9, 10, DJ), expressing red fluorescent 
protein (RFP). After 72 hours, cells were collected in 500 μL 
of PBS and RFP expression was analyzed using a Fortessa 
flow cytometer (BD Biosciences) and FlowJo software.

For the in vitro color conversion protocol, 50 000 GB1-
LRLG, T033-LRLG and T049 cells were seeded in 6-well 
plates and supplemented with 2.5 μL (2.5E + 09 gc) rAAV-
DJ-Cre, rAAV-1-Cre or r-AAV-5-Cre. At day 3 or 7 of expo-
sition, cells were collected in 500 μL of PBS or maintained 
in culture for 7 additional days with fresh medium without 
rAAVs (to reach day 14). At each time point, cells were 
observed in live fluorescent imaging, DsRed, and eGFP 
positivity was assessed by flow cytometry (Fortessa, BD 
Biosciences) and analyzed on FlowJo software.

Animal Experiments

Intracranial transplantation of GSC-LRLG.—Crl:NU-
Foxn1nu female mice were positioned in a stereotactic 
frame upon maintained isoflurane anesthesia. A hole 
was drilled on the skull bone (coordinates from bregma: 
0.5 mm AP, +2 mm ML, 2.5 mm DV), and 50.000 GB1-LRLG 
or 100 000 T033-LRLG cells suspended in 2 μL PBS were in-
jected into the right striatum, as previously described.16

Intraventricular rAAV injection.—At 1 week or 4 weeks 
post-transplantation, a hole was drilled on the skull bone. 
Then, 1 μL (1E + 09gc) of rAAV-DJ-Cre-eYFP (to evaluate 
virus spreading without tumor) or rAAV-DJ-Cre (to excise 
the floxed cassette in tumor cells) were injected into the 
left lateral ventricle (coordinates from bregma: 0.2 mm AP, 
+0.8 mm ML, 2 mm DV). The needle was left in place for 2 
minutes to prevent backflow before withdrawal.

Brain Tissue Processing

Mice were anesthetized with an injection of Nembutal 
(Pentobarbital 60 mg/mL, Ceva Sante Animal) before 
intracardiac perfusion with NaCl 0.9% (VWR International) 
followed by ice-cold PFA 4% in PBS. Brains were collected, 
postfixed in 4% PFA overnight at 4 °C, and then conserved 
in PBS at 4 °C for a maximum of 7 days.

Brain tissue clearing.—Clarification of the right and left 
half-brains was performed as described before.22 First, 

a 4 °C-cocktail of hydrogel monomers (acrylamide with 
bisacrylamide), formaldehyde, and thermally triggered 
initiators is infused into the tissue, for 24 hours. Then, the 
hydrogel polymerization is triggered at 37 °C for 3 hours, 
followed by brain extraction and washing in borate-
buffered 4% sodium-dodecyl-sulfate solution at 37 °C for 
24 hours. After that, the brain is cleared using X-Clarity 
Tissue Clearing System II in an Electrophoretic Tissue 
Clearing Solution for 24 hours at room temperature, to re-
move the lipids without losing native tissue components. 
The resulting lipid-extracted and structurally stable tissue–
hydrogel hybrid is then washed in PBS with 0,1% of Triton 
X-100, for 2 days at room temperature, and finally stored 
in PBS-azide at 4 °C. Then, half-brains are immersed in a 
refractive index (RI) homogenization solution (RI Matching 
Solution; RI~1.460) to render it transparent to light.

Lightsheet microscopy.—Half-brain images were ac-
quired with a dual illumination light sheet Z1 fluorescence 
microscope (Zeiss), equipped with a 5×/0.16 NA dry ob-
jective at a zoom of 0.36. Samples were illuminated with 
515 nm at 15%, 561 nm at 20%, and 638 nm at 15% lasers. 
1240 × 1240 pixel images (scaling x,y = 2.538 μm) were ac-
quired using 2 sCMOS (pco.edge) camera with 30 ms ex-
posure time. For Z-stack imaging, between 500 and 650 
slices were acquired with a 9 μm z-step size. Images were 
stitched and reconstructed using Arivis Vision 4D software. 
Images were analyzed using Imaris (version 9.0) software 
and referenced using Allen Mouse Brain Atlas. To deter-
mine the distance between the LV and the transduced cells 
in the CP, we reconstructed the whole volume of the LV by 
contouring it on serial coronal sections (every 10 μm) and 
measured the distance to the surface of the reconstructed 
LV volume.

Immunostainings

Immunohistochemistry and fluorescence on brain 
sections.—Brain tissue was processed as described 
above. 14 μm-thick coronal brain slices were gener-
ated with a cryostat and stored at −20 °C. Xenografted 
T033-LRLG cells were detected with human Vimentin an-
tibody, with the Enzo PolyView IHC kit, according to the 
manufacturer’s instructions. Brain slices were perme-
abilized and blocked with PBS + 0,3% Triton-X100 + 10% 
donkey serum for 1 hour and then incubated with anti-
eGFP antibody overnight at 4 °C. After washing steps with 
PBS, slides were incubated for 1 hour with Cy5-conjugated 
secondary antibody, to ensure the specificity of the signal 
(Jackson ImmunoResearch Laboratories). Antibodies 
against Ki67 and SOX2 were used for costainings. Nuclei 
were counterstained with DAPI (Sigma). Image acquisi-
tion was performed with an epifluorescence microscope 
(Zeiss Apotome) and analyzed on ImageJ (Fiji) software 
(Supplementary methods).

Immunofluorescence on cells.—20 000 GB1 cells were 
transduced with rAAVs expressing RFP (serotypes 1, 
2, 5, 8, 9, 10, and DJ). After 72 hours, cells were fixed 
with paraformaldehyde (PFA) 4%, and incubated with 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae161#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae161#supplementary-data
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anti-RFP antibody diluted in PBS + 0.1% donkey serum 
and 0.1% Triton X-100, followed by a second incubation 
with Rhodamine red X-conjugated antibodies (Jackson 
Immunoresearch Laboratories). Nuclei were counter-
stained with Hoescht (Thermo Fisher Scientific cat#62249), 
and images were acquired with a Zeiss AxioImager Z1 epi-
fluorescence microscope (Supplementary methods).

Statistics

Statistics were realized thanks to GraphPad Prism v8. 
Normality was assessed by a Shapiro–Wilk test and either 
Student-t test, one-way ANOVA, or 2way ANOVA were per-
formed for group comparisons. Statistical significance was 
set at 0.05. Data are indicated as mean +/− standard devia-
tion, with the number of independent experiments/animals 
indicated as N in the figure legends.

Study Approval

Patient tissue was obtained in collaboration with the 
Neurosurgery department of the Liège University Hospital 
(CHU), and the University Hospital Biobank (BHUL, Liège, 
Belgium), in accordance with the legal regulations on 
human body material. This study was approved by the 
local human ethics committee.

Crl:NU-Foxn1nu female mice were purchased at Charles 
River Laboratories, and housed in groups of 4 individuals 
(ZT0: 7 am, ZT12: 7 pm). Mice's health status was evaluated 
daily, and body weight was recorded every week. Tumor 
endpoint and animal sacrifice were considered the first 
signs of significant discomfort or suffering. No mice had to 

be sacrificed at an early timepoint in this study. All animal 
experiments were approved by the ethical committee of 
the University of Liège (local protocol number 1737).

Results

In Vitro Assessment of rAAV Transduction 
Efficiency Using Diverse Serotypes

First, we determined the efficiency of various AAV sero-
types in transducing patient-derived GSCs in vitro. As a 
first screening, GB1 cells were infected with rAAVs from 7 
different serotypes (rAAV-1, rAAV-2, rAAV-5, rAAV-8, rAAV-
9, rAAV-10, and rAAV-DJ) all expressing the RFP, and then 
analyzed by flow cytometry (Figure 1, A). In 2D-culture 
conditions, the percentage of RFP+ GB1 cells after 3 days 
was higher than 50% with rAAV-1 (97.78% ± 1.77%), rAAV-5 
(67.23% ± 4.42%) and rAAV-DJ (60.09% ± 1.29%). In con-
trast, the transduction efficiency was significantly reduced 
for rAAV-2, rAAV-8, rAAV-9, and rAAV-10 (P < .0001; Figure 
1, B and Supplementary Figure S1 A,C). When GB1 cells 
were cultured in 3D neurospheres, the percentage of RFP+ 
tumor cells was again higher for rAAV-1 (64.69% ± 5.1%), 
rAAV-5 (56.98% ± 4.1%) and rAAV-DJ (60.11% ± 8.3%), with 
again a significantly reduced transduction for rAAV-2, -8, 
-9, and -10 (P-values ranging from < .05 to < .001; Figure 1, 
C and Supplementary Figure S1, B-C). Those results were 
confirmed with an anti-RFP immunostaining performed on 
coated GB1 cells after 3 days of exposition to rAAV-1, rAAV-
5, and rAAV-DJ (Figure 1, C). Altogether, we concluded that 
rAAV-1, rAAV-5, and r-AAV-DJ are the most efficient sero-
type for GSC transduction in vitro.
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Figure 1.  rAAV-1, rAAV-5, and rAAV-DJ efficiently transduce patient-derived GBM stem-like cell (GSC) cultures. (A) Flowchart representing the 
rAAV-red fluorescent protein (RFP) transduction of GSCs for the screening of most efficient serotypes (created with BioRender). (B) % GB1 cells 
expressing RFP in 2D-culture after a 3-day exposition to rAAVs (n = 3 independent experiments; one-way ANOVA, P-values for each comparison 
in Supplementary Figure S1, A). (C) Immunofluorescent staining of the RFP protein after rAAV-DJ-RFP transduction of GB1 cells (Scale bar = 50 
μm). (D) % GB1 cells expressing RFP in 3D-culture after a 3-day exposition to rAAVs (n = 3 independent experiments; one-way ANOVA, P-values 
for each comparison in Supplementary Figure S1, B).
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In Vitro Validation of rAAV-Cre-Mediated Color 
Conversion of GSC-LRLG

Prior to applying the red-to-green conversion in an in vivo 
setting, we verified the ability of the rAAV serotypes 1, 5, 
and DJ to induce such conversion in patient-derived GSCs 
in culture. T033, T049, and GB1 GSCs were stably transduced 
with a retroviral vector including a floxed dsRed/STOP cas-
sette, upstream of the eGFP gene (LRLG vector). T033-LRLG, 
T049-LRLG, and GB1-LRLG were further exposed to rAAV-1-
Cre, rAAV-5-Cre, or rAAV-DJ-Cre (Figure 2, A).

Globally, all rAAV serotypes induced a progressive color 
conversion of T033-LRLG, from dsRed+ (red) to dsRed+/
GFP+ (orange) and finally eGFP+ only (green; Figure 2, 
B-E). At 14 days, the rAAV-DJ-Cre induced 75.92% ± 5.24% 
eGFP+ cells in T033-LRLG, which is significantly higher 
than rAAV-5-Cre (56,87% ± 4.20%; P = .0193), and slightly 
increased compared to rAAV-1-Cre (62.99% ± 10.91%; 
P = .0309). The % of eGFP+ cells was significantly higher on 
day 14 compared to day 7 in rAAV-DJ-Cre transduced T033-
LRLG (P = .0314; Figure 2, F-G). A similar time-dependent 
color conversion was observed upon transduction of 
T049-LRLG with the 3 rAAV serotypes (Figure 2, H-J). 
The rAAV-DJ-Cre induced 81.78% ± 5.42% eGFP+ cells at 
day 14, while lower number of eGFP + were induced with 
rAAV-5-Cre (66.45% ± 11.39%; P = .2419), and with rAAV-
1-Cre (69.49% ± 6.36%; P = .1324). Again, the % of eGFP+ 
cells was significantly higher on day 14 compared to day 
7 in rAAV-DJ-Cre transduced T049-LRLG (P = .0027; Figure 
2, K-L). We also tested the rAAV-DJ-Cre in GB1-LRLG and 
observed a progressive increase of eGFP+ cells, reaching 
63.36% ± 0.14% at day 14 (Supplementary Figure S1, D-E). 
Based on these results, we concluded that the 3 rAAV sero-
types adequately transduce GSC-LRLG and induce red-to-
green conversion in vitro, with the rAAV-DJ emerging as 
the most efficient.

Dissemination of rAAV-Cre-eYFP After icv 
Injection in the Naïve Brain

After injection in the brain, the dissemination of the AAV-DJ 
serotype is reported as more confined compared to other 
serotypes.21 Here, we wanted to evaluate the spreading 
of rAAV-Cre vectors upon intracerebroventricular (icv) in-
jection, to assess whether rAAV transduction would be 
restricted to the walls of the LV. rAAV-1-Cre-eYFP, rAAV-5-
Cre-eYFP, and rAAV-DJ-Cre-eYFP were icv injected in naïve 
nude mice (n = 3 mice per group), and brains were col-
lected 1 week after injection. Imaging of the brain sections 
showed that eYFP signal is tightly limited to the borders of 
the LV (Figure 3, A), which would ensure that rAAV trans-
duction of GBM cells in a xenograft model would be re-
stricted to cells within the SVZ.

Furthermore, we could analyze mice that were icv in-
jected with rAAV-DJ-Cre-eYFP, at 4 weeks post-injection, 
after brain tissue clearing and lightsheet microscopy, to 
precisely quantify rAAV spreading at longer term. We de-
termined the volume of YFP-positive signal for different 
regions adjoining the lateral (LV) and the third (V3) vent-
ricles (n = 5 mice; Figure 3, B). Medially to the LV, we ob-
served YFP-positive signal in the Lateral Septal nucleus 

(LSc; Figure 3, B-C, yellow arrow). Laterally to the LV, YFP-
positive signal was detected in a few layers of cells in the 
SVZ and in the medial part of the caudoputamen (mCP), 
anteriorly (Figure 3, B-C, orange arrow) and in its dorsolat-
eral part (dlCP), posteriorly (Figure 3, B-C, purple arrow). 
In the nearby of LV posterior wall, we also highlighted the 
transduction of few cells in the fimbria (Fi; Figure 3, B-C, 
red arrow) and in the Ammon’s horn of the hippocampus 
(HPF), where the YFP+ area was the larger (Figure 3, B-C 
green arrow). Some isolated cells in the corpus callosum 
(CC; Figure 3, B-C, gray arrow) were also detected. The 
YFP+ area was significantly higher in the HPF compared 
to the mCP (P = .0409), to the Fi (P = .0236), and to the 
CC (P = .0268), which suggests that cells are more likely 
transduced in structures enriched in neuronal bodies 
(HPF, LSc, CP), rather than in white matter tracts (Fi, CC). 
Finally, we measured the longest distance between the LV 
and the transduced cells in the mCP (P25 < median < P75: 
128.75 < 162.5 < 182 μm) and in the dlCP (210–294 
μm–531.67 μm; Figure 3, D). This data shows that 4 weeks 
after injection, the rAAV-DJ-C-eYFP spreads towards other 
structures distant from the LV, although below 500 μm.

In Vivo Validation of rAAV-Cre-Mediated Color 
Conversion of GSC-LRLG that Invaded the 
Subventricular Zone (SVZ)

Previous work from our group has shown that GB1-LRLG 
cells form a symptomatic tumor upon implantation in the 
striatum of nude mice within 12 to 16 weeks, associated 
with an invasion of the subventricular zone (SVZ).16 Hence, 
we icv injected the rAAV-DJ-Cre at week 6 after GB1-
LRLG cell engraftment, before SVZ invasion (group I, n = 
8 mice), and at week 12, after SVZ invasion (group II, n = 
8 mice). We finished the experiment 4 weeks later, respec-
tively at week 10 (group I) and at week 16 (group II; Figure 
4, A). Brain tissue was cleared, and the right hemispheres 
were imaged with a lightsheet microscope, and analyzed 
with ImarisⓇ software, for highlighting dsRed+ and eGFP+ 
tumor cells. As expected, the median volume of dsRed-
positive tumors in the CP was reduced in group I μm3 (P25 
< median < P75: 2.40 < 5.73 < 6.66 × 107μm3) compared to 
group II (2.23<9.88<2.23x109μm3; P = .0016; Figure 4, B-C). 
In group I, we did not observe any contact of the tumor 
with the SVZ and no eGFP+ signal was detected (Figure 4, 
B-D). However, we observed eGFP+ signal in most animals 
from group II (volume of P25 < median < P75: 1.25 < 5.88 
< 9.74 × 106μm3), especially those with the largest dsRed+ 
tumor volume (R2:0.58, P = .0267; Figure 4, D-E).

We also tested the ability of the rAAV-DJ-Cre to pro-
mote red-to-green conversion in another GSC intrastriatal 
xenograft, within a different timeframe. At 6 weeks, T033-
LRLG cells establish a large infiltrating tumor that in-
vades both the right and left LV lateral walls via the CC 
(Supplementary Figure S2). The rAAV-DJ-Cre was icv in-
jected in the left LV at week 5 post-engraftment (Figure 5, 
A). One week later, mice were sacrificed, and brains were 
collected. Immunostainings showed dsRed+ T033-LRLG 
cells scattered in the right hemisphere, as well as in the 
right and left LV. Not only are eGFP+ cells detected near the 
left LV, but also in the proximity of the right LV and within 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae161#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae161#supplementary-data
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Figure 2.  rAAV-1, rAAV-5, and rAAV-DJ efficiently convert GSC-LRLG cells in culture from dsRed+ to eGFP+. (A) Flowchart representing dsRed 
gene excision and fluorescent eGFP gene expression in GSCs induced by rAAV-mediated Cre recombinase (created with BioRender). (B) 
Representative images of the dsRed and eGFP signals in T033-LRLG cultures transduced with rAAV-DJ-Cre, over 14 days. (C-D-E) % T033-LRLG 
cells that are found dsRed+, dsRed+/eGFP+, or eGFP+ only at 3, 7, and 14 days post-transduction with rAAV-1-Cre (C), rAAV-5-Cre (D) and rAAV-
DJ-Cre (E). (NT = non transduced, at day 0). (F) % eGFP+ T033-LRLG cells over time, with the 3 rAAV serotypes (n = 3 independent experiments). 
(G) Results from the 2-way ANOVA, provided the statistical effect of the serotype and the effect of time. (H-I-J) % T049-LRLG cells that are found 
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the tumor core (Figure 5, B-C). These eGFP + cells are 
SOX2+ and Ki67+, which indicates a maintained potential 
for proliferation (Figure 6). These results support the hy-
pothesis that dsRed+ tumor cells develop and migrate out 
of the tumor mass to reach the LV walls, where they switch 
from dsRed+ to eGFP+. Interestingly, these eGFP + cells ap-
pear to leave the LV and reinfiltrate the initial tumor core. 
In the absence of tumor cells in the LV surroundings (ie, for 
tumors that did not grow sufficiently large), we did not see 
any eGFP+ cells at all (Supplementary Figure S3), which is 
in line with the restricted diffusion of the rAAV and further 
supports the specificity of the SVZ-located transduction. 
Altogether, these results demonstrate the relevance of an 
icv AAV-based color conversion approach to detect GBM 
cells that invade the LV wall/SVZ. These results also shed 
light on the putative role of SVZ-nested GBM cells in tumor 
evolution and recurrence.

Discussion

Many studies have evidenced the key contribution of the 
subventricular zone (SVZ) of the adult brain in glioblas-
toma (GBM) initiation, maintenance, and recurrence. At the 
clinical level, the proximity of GBM tumors with the SVZ 
(SVZ+ GBM) has been associated with worse prognosis,7–9 
and different experimental findings have demonstrated the 
protective role of the SVZ environment against therapy.16,17 
SVZ+ GBM is associated with particular methylation signa-
tures,23 and recent single-cell transcriptomic data suggest 
a differential cell type enrichment and related therapeutic 
vulnerabilities.24 Such data fosters deeper investigation 
of the molecular mechanisms that underlie the influence 
of SVZ environment on GBM cell fate and phenotype, and 
the development of experimental tools to do so. In this 
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rich structures after 4 weeks. (A) rAAV-1-eYFP, rAAV-5-eYFP, and rAAV-DJ-eYFP remain confined to the lateral ventricle walls one week after 
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2way ANOVA, provided the statistical effect of the serotype and the effect of time.

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae161#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae161#supplementary-data
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study, we harnessed different types of viral vectors to label 
and track GBM cells invading the SVZ in an orthotopic 
xenograft model. Using a color-conversion approach, we 
observed that implanted dsRed+ patient-derived GBM 
stem-like cells (GSCs) do infiltrate the brain and reach the 
SVZ where they turn eGFP+, with the help of a recombi-
nant adeno-associated viral (rAAV) delivering a Cre re-
combinase inside the lateral ventricle. To the best of our 
knowledge, this study proposes an original approach to 
studying SVZ-nested GBM cells and also is the first to sug-
gest that GBM cells nesting in the SVZ may actually leave 
this region to repopulate other brain areas. Of note, this 
experimental strategy is versatile, and the SVZ-restricted 
color-conversion approach could be further refined.

Whereas a similar LRLG vector-based method has 
previously been used for monitoring transduction effi-
ciency,25 or for lineage tracing,26 other studies further 
exploited this strategy, to monitor environmental influ-
ences on cancer cells, i.e. for fate-mapping post-hypoxic 
breast cancer cells and investigate their phenotype and 
role in the metastatic process, using a HIF1α-dependent 
expression of Cre recombinase.27,28 Such conditional Cre 
expression may also be applied and highly relevant in the 
exploration of SVZ molecular influences on GBM cells. 
For example, it would be interesting to use a Cre recombi-
nase that would be dependent on a particular component 
in the cerebrospinal fluid, or in the SVZ vasculature, to 

assess how these are influencing GBM cells nested in the 
periventricular area.

The many natural and engineered rAAV capsid serotypes 
that are reported or under ongoing development have dis-
tinct but overlapping tropisms and distribution.29 Whereas 
we here selected AAV-DJ as an efficient serotype for GSC 
transduction among a panel of AAV serotypes, other novel 
rAAV constructs may be envisaged for specific properties, 
for example, restricted surface of action, or more specific 
GBM cell transduction. A recent high-throughput screening 
of 177 AAV capsid variants has shown that AAV1-P5 most 
effectively transduces NSCs in the naïve adult brain after 
icv injection, and these can be tracked up to their final 
destination in the olfactory bulb.30 The AAV-SCH9 also ef-
ficiently transduces adult NSCs.31 To what extent this NSC-
oriented tropism would be recapitulated on SVZ-nested 
GSCs remains to be investigated.

The transgene of interest may also be replaced, for ex-
ample, for modulating gene expression in the target cells for 
a therapeutic purpose, for inducing cell death, reducing pro-
liferation, or stimulating immune recognition. For instance, 
AAV intraventricular injection has already been described 
in GBM models, eg, for the delivery of interferon γ (IFNγ). 
A first report showed that icv AAV2/rh8-IFNγ preferentially 
distributes in the CC and the hippocampus, similar to what 
we observed here with AAV-DJ (at lower viral titration), and 
reduces tumor growth in a U87 model.32 Later, they showed 
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xenograft model. (A) Flowchart representing the experimental workflow. GB1-LRLG cells were implanted in nude mice and rAAV-DJ-Cre-YFP was 
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that icv AAV9-IFNγ reduced tumor growth and increases 
survival in an invasive patient-derived xenograft model, as 
well as in an immunocompetent model, and synergizes with 
temozolomide treatment.33 AAV9 armed with the sTRAIL 
proapoptotic protein has also shown promising therapeutic 
effects in GBM models, upon systemic injection.34 It would 
be of huge interest to induce therapeutic genes in SVZ-
nested GBM cells to ascertain their contribution to tumor re-
sistance to treatment and recurrence.

In addition to these molecular developments that could 
apply to this approach, we also point out the importance 
of considering clinically relevant, therapy-like models to 
be combined with our color-conversion protocol. For ex-
ample, it would be interesting to observe whether eGFP+, 

and SVZ-relocated GBM cells are able to repopulate an ex-
perimental resection cavity, for instance using microsur-
gery models.35

Altogether, this work exposes the development of an 
rAAV-based approach for the specific and restricted la-
beling of GBM cells that get in close contact with the 
subventricular zone (SVZ), after tumor development in 
a xenograft mouse model. This experimental approach is 
highly relevant to the clinical context describing the poor 
prognosis associated with GBM proximity to the SVZ. This 
versatile model could be optimized for both investigational 
and therapeutic perspectives and will help to shed light 
on the spatiotemporal aspects of GBM progression and 
recurrence.
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Figure 6.  Characterization of eGFP + T033-LRLG cells. Immunofluorescence costainings of SOX2 and Ki67 with eGFP+ and dsRED+ cells in dif-
ferent regions of the mouse brain implanted with T033-LRLG and one week after rAAV-DJ-Cre icv injection. Sections of 3 different animals are 
displayed (scale bar = 100 μm).
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Supplementary material is available online at Neuro-
Oncology Advances (https://academic.oup.com/noa).
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Lay Summary 

This study introduces a new technique for detecting and 
tracking glioblastoma (GBM) cells that reside in a brain region 
called the subventricular zone (SVZ), which is thought to play an 
important role in tumor progression. The method uses a modified 
virus (adeno-associated virus, or AAV) to change the color of 
GBM cells, making them easier to observe. By inducing a switch 
from red to green fluorescence, researchers can map these 
cells in this SVZ and track them through the brain. This new ap-
proach could help scientists and clinicians to better understand 
how GBM cells invade the brain, and potentially find ways to 
target them for future therapy.
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