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Magnetic resonance imaging-guided
intracranial resection of glioblastoma tumors
in patient-derived orthotopic xenografts leads
to clinically relevant tumor recurrence

Anais Oudin', Pilar M. Moreno-Sanchez'*, Virginie Baus', Simone P. Niclou'? and Anna Golebiewska'"

Abstract

Background Preclinical in vivo cancer models are essential tools for investigating tumor progression and response
to treatment prior to clinical trials. Although treatment modalities are regularly assessed in mice upon tumor growth
in vivo, surgical resection remains challenging, particularly in the orthotopic site. Here, we report a successful surgical
resection of glioblastoma (GBM) in patient-derived orthotopic xenografts (PDOXs).

Methods We derived a cohort of 46 GBM PDOX models that faithfully recapitulate human disease in mice. We
assessed the detection and quantification of intracranial tumors using magnetic resonance imaging (MRI).To evaluate
feasibility of surgical resection in PDOXs, we selected two models representing histopathological features of GBM
tumors, including diffuse growth into the mouse brain. Surgical resection in the mouse brains was performed based
on MRI-guided coordinates. Survival study followed by MRI and immunohistochemistry-based evaluation of recurrent
tumors allowed for assessment of clinically relevant parameters.

Results We demonstrate the utility of MRI for the noninvasive assessment of in vivo tumor growth, preoperative
programming of resection coordinates and follow-up of tumor recurrence. We report tumor detection by MRI in
90% of GBM PDOX models (36/40), of which 55% (22/40) can be reliably quantified during tumor growth. We show
that a surgical resection protocol in mice carrying diffuse primary GBM tumors in the brain leads to clinically relevant
outcomes. Similar to neurosurgery in patients, we achieved a near total to complete extent of tumor resection, and
mice with resected tumors presented significantly increased survival. The remaining unresected GBM cells that
invaded the normal mouse brain prior to surgery regrew tumors with similar histopathological features and tumor
microenvironments to the primary tumors.

Conclusions Our data positions GBM PDOXs developed in mouse brains as a valuable preclinical model for
conducting therapeutic studies that involve surgical tumor resection. The high detectability of tumors by MRI across
a substantial number of PDOX models in mice will allow for scalability of our approach toward specific tumor types
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for efficacy studies in precision medicine-oriented approaches. Additionally, these models hold promise for the

development of enhanced image-guided surgery protocols.

Keywords Glioblastoma, Patient-derived orthotopic xenograft, Brain surgery, Tumor resection, In vivo imaging

Background

Preclinical cancer modeling, including recapitulation
of various steps of therapeutic interventions applied to
patients, has been an extensive area of research. Sponta-
neous tumors in animals are rare [1-3]; thus, modeling
solid tumors requires specific protocols, mostly applied
in rodents. The development of tumors in vivo requires
chemical or genetic engineering of rodent cells, allowing
for the growth of tumor cells of the same origin as the
host. As testing therapeutic interventions often require
models displaying molecular features resembling fully
developed patent tumors, xenografts based on implanta-
tion of patient-derived tumor cells (i.e., patient-derived
xenografts (PDXs) or patient-derived orthotopic xeno-
grafts (PDOXs)) are more valuable [4, 5]. Mice are more
commonly used than rats due to easier maintenance,
higher experimental throughput and a large range of
transgenic strains representing immunocompromised
backgrounds. Although the majority of patients with
aggressive tumors undergo surgery as part of the stan-
dard-of-care treatment, this step is rarely recapitulated
in the preclinical setting. Surgical resection has been
applied to easily accessible or nonvital organs such as
breast or bone to assess the metastatic potential of xeno-
grafted tumor cells [6, 7]. Assessing tumor recurrence
after surgery at the original site is more challenging due
to the small size of the organs in mice, low resectability
area without damaging the organ, limited integration
of the xenografted tumor into the organ or the difficul-
ties of primary tumor assessments [8, 9]. Elaborated and
repeatable animal experimentation protocols are needed
to envisage the application of resection in preclinical set-
tings at a large scale.

Surgical resection is the first-line treatment for aggres-
sive brain tumors. Diffuse gliomas are the most common
primary brain tumors, including oligodendrogliomas
and astrocytomas of different grades as well as the most
aggressive grade 4 glioblastomas (GBMs) [10]. Diffused
gliomas are characterized by dispersed growth of tumor
cells in the brain with no clear tumor demarcation, lead-
ing to incomplete resection during surgery and inevitable
tumor recurrence. Nevertheless, maximal safe surgical
tumor resection of the MRI-detectable contrast-enhanc-
ing zone is the crucial step of standard-of-care treatment:
it removes the bulk of the tumor, reduces brain pressure,
improves neurological function recovery and allows for
accurate diagnosis by histopathology. While certain brain
locations and limited detection of infiltrative tumors by
magnetic resonance imaging (MRI) prevent complete

resection of GBMs, it has been shown that the extent
of resection, including contrast-enhanced and noncon-
trast-enhanced regions, is correlated with better sur-
vival [11]. Resection in the brain can be improved with
image-guided surgery protocols, including intraoperative
MRI [12], awake craniotomy for cortical mapping [13],
confocal intraoperative microscopy, fluorescence-guided
surgery with 5-aminolevulinic acid (5-ALA) [14] and
intraoperative mass spectrometry [15]. As radiotherapy
and chemotherapy usually follow surgical resection, reca-
pitulating tumor removal may be crucial for testing the
efficacy of treatments in a clinically relevant setting. It
remains to be seen to what extent these protocols can be
recapitulated in preclinical models.

Brain tumor surgery protocols in preclinical mod-
els are scarce and thus far have mostly been applied in
xenografts derived from long-term in vitro cell cultures,
such as human U87 cells and mouse glioma GL261 and
CT-2 A cells [16-19]. However, these models do not
recapitulate well the histopathological features of patient
tumors. The invasive capacities of majority of cell lines
are very limited, which may impact the evaluation of
resection coordinates, technical procedures during sur-
gery and follow up readouts. Until now, protocols for
the brain tumor resection in preclinical models have pri-
marily relied on optical imaging techniques, specifically
fluorescence and bioluminescence, for detecting tumor
cells in rodent brains. Such protocols necessitate the
genetic modification of tumor cells with a fluorescent or
bioluminescent marker prior the implantation, thereby
limiting their applicability to primary patient-derived
models. Fluorescent agents such as 5-ALA can only sup-
port detection of a subset of tumor cells in the areas of
leaky blood brain barrier and are applicable only to most
aggressive gliomas [20]. While one protocol applied sur-
gery on a GBM PDOX based on primary organoid cul-
tures in nude rat brain [21], it remains to be seen if it is
feasible in a larger cohort of PDOXs derived in mice.

Here, we show that MRI can be applied for tumor
detection and quantification in a large number of pri-
mary glioma PDOX models developed in mice. An
intracranial tumor resection procedure is possible in
immunodeficient mice with developed primary diffuse
tumors in the brain without extensive manipulation of
the original tumor material. Similar to the preoperative
neuronavigation applied in patient tumors, we were able
to perform resection of the tumors with use of stereotac-
tic frame following MRI-guided coordinates in PDOX
models, which led to prolonged survival of mice. Surgical
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procedures guided by MRI images allow preservation of
the invasive tumor zone, and the remaining GBM cells
reform the tumor in the same tumor cavity with similar
histopathological features. Our protocol closely mirrors
the clinical scenario, facilitating its application in future
preclinical studies that necessitate a combination of sur-
gery and local or systemic therapeutics.

Methods
Glioma PDOX models
PDOXs were obtained by implantation of human glioma
organoids in the mouse brain following our standard pro-
tocol [22]. Shortly, primary organoids were derived from
mechanically digested tumor tissue. Tissue fragments
were cultured for up to 2 weeks in non-adherent condi-
tions at 37 °C under 5% CO2 and atmospheric oxygen
in DMEM medium, 10% FBS, 2 mM L-Glutamine, 0.4
mM NEAA, and 100 U/ml Pen—Strep (all from Lonza).
Organoids with a diameter of 300—1000 pm were selected
for intracranial implantation. For regular maintenance
of the PDOX models, we implanted tumor organoids (6
per brain) into the right frontal cortex of NSG (NOD.
Cg-Prkdc*@ 112rg™™!/Sz], Charles River Laboratories,
France) mice, which allows for high tumor take of pri-
mary patient tumor tissue. The detailed protocol steps
and molecular characterization are presented in [22, 23].
For this study, GBM organoids were implanted into
nude mice (athymic female nude mice, Charles River
Laboratories, France) at least one week after acclimati-
zation in the animal facility. This allowed assessment of
the resection protocol in the least immunocompromised
mouse background in the animals of the same age and
sex. Animals were housed in a specific pathogen-free
(SPF) facility under a controlled environment (tempera-
ture, humidity, and light) with free access to water and
food. Animals were sacrificed at the endpoint defined in
the scoresheet.

Tumor resection protocol

GBM organoid implantation

To assess the feasibility of the surgical resection for
the first time in PDOXs, we selected a small sample
size. The evaluation of number of mice was based
on our previous experience in comparative studies,
where a sample size power statistical analysis, using
a two group chi squared test with a 0.05 two-sided
significance level, revealed a prerequisite for 7 mice
per group to give 82.2% power to detect a difference,
assuming a Group 1 proportion, m!, of 0,85 and a
Group 2 proportion, m? of 0,15 (odds ratio of 0,031).
Nude mice (10-11 per model) were implanted with
P3 and T16 GBM organoids (6 per brain) under gen-
eral anesthesia following our standard procedure
[22]. Briefly, mice were anesthetized with ketamine
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(Nimatek, Dechra) and xylazine (Rompun, Bayer)
during surgery followed by inhalation of 2% isoflu-
rane (CP Pharma) and 100% oxygen thorough MRI
via a nose cone adapter. The procedure was applied
upon loss of hind-foot withdrawal and corneal reflex.
A burr hole was drilled in the frontal cortex of the
mouse brain. GBM patient-derived organoids were
slowly injected using a Hamilton syringe (Hamilton),
and tumor growth was followed weekly by MRI. Eight
mice per model were planned for surgical resection,
of which one mouse per model was sacrificed shortly
after the surgery and seven were used for monitoring
tumor recurrence. One mouse per model was sacri-
ficed without surgery at the time point of resection to
verify tumor growth. Two mice for P3 and one mouse
for T16 were used as controls without surgical inter-
vention until the endpoint. To assess the control sur-
vival arm of each PDOX model, historical survival data
were extracted from additional PDOXs implanted at
different time points (T16: n=10 corresponding to the
same organoid generation, P3: n=8 corresponding to
the same organoid generation and the same organoid
batch). This allowed for reduced use of animals follow-
ing 3R rules. Previous experiments were performed
with the same experimental settings and mouse strain.

Surgical resection

To perform surgical resection, mice (n=8 per model)
were anesthetized again using ketamine 100 mg/kg
(Nimatek) and xylazin 10 mg/kg (Rompun). To ensure
sufficient analgesia during surgery, we performed a
subcutaneous injection of Marcaine 0.25% Adrenaline
(bupivacaine hydrochloride, adrenaline) 5 mg/kg into
the scalp and a subcutaneous injection of Vetergesic
(buprenorphine 0.1 mg/kg, Ecuphar) on the back. Mice
were placed on the stereotactic frame (Narishige), and
the skin was incised to expose the burr hole in the
scalp from the tumor inoculation via the organoid
implantation procedure. A square of approximately
3 mm of side length was burred with a micro drill of
0.7 mm diameter (FST) around the first injection site,
the piece of bone was removed, and the dura mater was
gently peeled using Bonn Micro probes (FST 10030-
13). Bonn Micro probes were placed to define the bor-
der and the deepness of the resection site. The needle
was gently moved in the brain to destroy the tumor-
containing tissue before aspiration with a small glass
Pasteur pipette. A piece of polypropylene mesh (Ethi-
con) was fixed with Histoacryl glue (Braun) to com-
pensate for the lack of skull, and the skin was closed
with Ethilon 3—0 suture (Ethicon) and cleaned with
7.5% Braunol (Braun). The mice were placed in a warm
chamber (Pecoservice) until recovery from anesthesia.
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A subcutaneous injection of buprenorphine (0.1 mg/
kg, Ecuphar) was repeated 6 h after surgery.

Animal welfare monitoring

The animal experimentation protocol was classified as
“moderate”, as the pain from brain surgery was com-
pensated by local and general analgesia. Mice were
carefully monitored for 48 h for neurological adverse
effects that could arise after brain surgery. Mice were
observed and scored daily using a score sheet accord-
ing to the different possible symptoms [24]. The score
sheet included abnormal behavior (no nest, fight-
ing), neurological symptoms (seizure, always turning),
kyphosis, body weight, and wound aspect (infec-
tion, ichor, and early removal of stitches). Scores of
0 (no symptoms), 1 (symptoms start & body weight
loss<5%), 2 (established symptoms & body weight
loss *5% and “15%) and 3 (severe symptoms & body
weight >15%) were applied according to daily observa-
tion, and mice were euthanized by cervical dislocation
when 3 symptoms reached a score of 2 or one symp-
tom reached a score of 3. Randomization and blind-
ing were not feasible due to experimental procedures
and visual/MRI-based detection of the surgical proce-
dure. GraphPad Prism was used for survival analysis.
Kaplan-Meier survival curve differences were assessed
by a log-rank test. A P value<0.05 was considered
significant.

Magnetic resonance imaging (MRI)

Invivo

Mouse anesthesia was induced and maintained by
2.5% isoflurane in oxygen. Mice were placed in the
3T MRI scanner (MRsolutions), with breathing and
temperature constantly monitored during the acqui-
sition following our standard protocol for 6 min with
the 23-mm volume coil setup [22]. A Fast Spin Echo
T2-weighted MRI sequence defined with a field of view
of 25 mm, matrix size of 256256, TE of 68 ms, TR of
3000 ms, an average of 4, an echo train of 8 and slide
thickness of 1 mm was used for multislice axial acqui-
sition. Tumor growth was followed up by MRI weekly.
Animals were anesthetized with an isoflurane/oxygen
mixture (1-3%, CP Pharma) throughout the scan, with
respiration and body temperature monitored via an
MRI monitoring system.

Ex vivo

After mouse euthanasia, brains were excised and
directly fixed in 4% paraformaldehyde (PFA, Sigma)
for 5 days (P3) or 24 h (T16). A 15 ml tube contain-
ing brain tissue in 4% PFA was inserted into the head
coil, and a Fast Spin Echo T2-weighted MRI sequence
was applied for approximately 1 h with the following
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parameters: a field of view of 20 mm, matrix size of
240256, TE of 51 ms, TR of 6000 ms, an average of
32, an echo train of 8 and slide thickness of 1 mm to
increase the picture quality.

Image analysis

MRI data were analyzed with Image] for tumor quanti-
fication and Vivo Quant software for the coordinates of
resection. Tumor volume was quantified as described
previously [22] based on hyperintense tumor regions of
the brain in T2-weighted axial MRI slices. Tumor volume
in mm? was defined by the sum of the tumor area on each
slice (slice thickness is 1 mm). To establish coordinates
for resection, tumor borders (top-bottom, left-right) were
identified manually from the injection area using Vivo-
quant software.

Immunohistochemistry

After euthanasia, mouse brains were extracted, fixed in
4% PFA (Sigma) and embedded in paraffin. Section (3
and 8 pm) were used for immunohistochemistry as pre-
viously described [23]. Human GBM cells were recog-
nized by hematoxylin/eosin (Dako/Sigma respectively),
as well as immunostaining with human-specific Nestin
(Abcam AB6320; 1:500, 3 h incubation, room tempera-
ture). Additionally, actively proliferating tumor cells were
stained with human-specific Ki67 (Dako M7240; 1:75,
1 h incubation, room temperature), and mouse-derived
microglia/macrophages were detected with Ibal (Biocare
Medical CP290A; 1:1000, overnight incubation at 4 °C)
followed by a 30 min incubation with secondary antibod-
ies. Co-staining with hematoxilin was applied to detect
tumor areas with high nuclei density when necessary. The
signal was developed with the Envision+ System/HRP
Kit in 5-20 min (K4007, Agilent/Dako). Ibal* cells were
quantified based on the Image] plugin [25]. To enable
sensitive detection and quantification of the size and
density of blood vessels, CD31 (Cell Signaling Technol-
ogy #77,699; 1:100, overnight incubation at 4 °C) staining
was performed using an Opal 3-Plex Manual Detection
Kit (Akoya Biosciences) following the manufacturer’s
guidelines. Cell nuclei were counterstained with Hoechst
33,258 (1 pl/ml; Sigma) to detect tumor areas with high
nuclei density by fluorescence. Sections were mounted
on glass slides cover slipped using Fluoromount Aque-
ous Mounting Medium (Sigma). Images were obtained
using a Nikon Ni-E. CD31* vessels were quantified based
on the fluorescence signal using Image] as previously
described [26]. To ensure comprehensive analysis, mul-
tiple pictures of the tumor core were captured for each
mouse. The quantification of hKi67, Ibal, and mCD31
was performed using several technical and biological
replicates, with each dot on the boxplots representing an
individual image obtained from each tumor. Number of
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images per mouse depended on the tumor size. Mouse
sample size for hKi67 quantification was n=2 for P3
CTR, n=2 for P3 resected; n=1 for T16 CTR and n=3
for T16 resected. Mouse sample size for Ibal and mCD31
was n=4 for controls and n=6 for resected.

Results

High subset of intracranial tumors derived as glioma PDOX
models can be reliably detected and quantified by MR,
allowing for MRI-guided surgical resection

To investigate the possibility of clinically relevant resec-
tion of primary diffuse glioma tumors developed in mice,
we took into account several parameters, including dif-
fused tumor growth and invasiveness of the tumor cells
in the mouse brain, tumor take, tumor development
time and endpoints. PDOX models in our cohort repre-
sent high-grade diffuse gliomas, including IDH wild-type
GBMs and IDH mutated astrocytomas (Table S1). In
general, upon good organoid quality, PDOXs have tumor
take of 100% and predictable tumor growth beyond gen-
eration 2-3 [23]. By implanting 6 organoids per mouse
brain, the survival of mice can span between 36 and 394
days depending on the model. Out of 40 models exam-
ined by MRI, intracranial tumors of 36 models (90%)
were detected by MRI, of which the detection level in 22
models (55%) allowed for reliable quantification of the
3D tumor volume (Table S1). Tumors can be detected
starting from approximately 2 mm? in size in the brain.
Fast-growing tumors are detectable by T2-weighted
MRI volumetric brain scans from as fast as two weeks
after organoid implantation. For the majority of PDOXs,
1-2 months are needed to detect small tumors by MRI.
Although histologically developed tumors show vary-
ing tumor volume, cell density and angiogenesis, diffuse
growth and invasion to the cortex and via the corpus cal-
losum is observed in all PDOXSs [23, 26] (Fig. 1A, B).

To assess the surgical resection protocol, we selected
two models representing IDH wild-type GBMs with
varying survival times that can be reliably detected and
quantified by MRI: PDOX P3 (survival: 42.5 + 5.2 days)
and PDOX T16 (survival:58.5 + 5 days). Both models
displayed histopathological GBM characteristics, such
as marked invasion to the cortex and contralateral hemi-
sphere as well as pronounced blood vessel disruption in
the tumor core (Fig. 1A, B). Differences in survival arise
from different proliferation indexes: PDOX P3 shows
54.7 + 3.7% of Ki67" cells, while PDOX T16 regularly
shows 18.9 +5.8% of Ki67™ cells. The differences in tumor
cell proliferation and survival times allowed us to verify
the protocol timeframe and impact of the surgery in
tumors with variable growth dynamics. PDOX P3 can be
detected by T2-weighted MRI starting from weeks 2-3
after implantation and can reach>100 mm? at the end-
point (Fig. 1C). PDOX T16 is visible by T2-weighted MRI
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from weeks 3—4 after implantation, reaching>100 mm?

at the endpoint (Fig. 1C). Based on the tumor growth
characteristics, we estimated a timeframe of surgi-
cal resection between weeks 2 and 3 for PDOX P3 and
between weeks 3 and 4 for PDOX T16, corresponding to
tumors ranging between 2 and 10 mm? (Fig. 1D). In sum-
mary, glioma PDOXs show key characteristics required
to model surgical resection.

Intracranial tumor mapping by MRI allows for preoperative
neuronavigation planning of surgical resection

We planned the resection protocol according to the char-
acteristics of each PDOX model (Fig. 1D). Nude mice per
model were implanted with GBM organoids (n=11 for
PDOX P3, n=10 for PDOX T16) The implantation was
performed following our standard procedure in the ste-
reotactic frame [22]: (i) the scull bone was removed at the
coordinates 2 mm right and 1 mm front from bregma,
and (ii) 6 organoids were gently implanted in the right
hemisphere 2 mm deep from the brain surface, aiming
at the cortex. We further monitored tumor growth by
T2-weighted MRI.Tumors were detectable in all animals
starting from week 3 for PDOX P3 and week 4 for PDOX
T16. Tumors were quantified one day before planned sur-
gery based on T2-weighted MRI imaging, confirming an
average tumor volume of 5,76 mm? in PDOX P3 and 3,72
mm? in PDOX T16 (Fig. 2A). To confirm the tumor size
determined by MRI prior to resection, we euthanized
one mouse per PDOX model without performing the
resection protocol on the same day (i.e., Tumor growth
controls, Fig. 1D). Histological analysis confirmed the
presence of tumors in both PDOX models, correspond-
ing to the MRI images (Fig. 2B). Human-specific Nestin
staining revealed the presence of cells invading the cor-
pus callosum and cortex at this stage of the tumor.

Next, we examined T2-weighted MRI sequences to
define the tumor resection area following pre-operative
neuronavigaiton principles. The injection site was identi-
fied based on the dark area representing the path of the
needle during organoid implantation (Fig. 2C). The tumor
area was delineated from the injection site, and tumor
borders were identified manually (Fig. 2D). The thickness
of the tumor was defined by the number of MRI slides
with detectable tumor. In most cases, the tumor was vis-
ible on one slide of 1 mm thickness, 0.5 mm in the frontal
part and 0.5 mm in the posterior part, which was applied
to mark the extent of the resection. In summary, we show
that T2-weighted imaging enables quantification of the
intracranial growth of tumors in mice and detailed plan-
ning of the surgical resection coordinates.
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Fig. 1 PDOX characteristics. (A) Histopathological features of intracranial tumors in PDOX models. Representative images are shown for the selected
models at the endpoint of tumor growth. Human-specific Nestin staining highlights the overall tumor structure and invasion of tumor cells in the brain.
Scale bar: 2 mm. (B) Hematoxylin and eosin (H&E) and human-specific Nestin staining highlight tumor cell density and invasion, while Ki67 marks actively
proliferating cells. Mouse-specific CD31 staining shows aberrant blood vessels in the tumor core. Scale bars: 50 um. (C) Tumor visualization by MRI. T2-
weighted MRl images at the end point in the mouse head are shown for selected models, and representative slices are shown from anterior to posterior
with tumors visible as a relatively brighter area in the brain. (D) Experimental setup of the resection protocol. Day 0 (DO) represents GBM organoid implan-
tation. Tumor growth can be followed by MRI T2 from week 1 after implantation. The experimental window of tumor resection is highlighted together
with the exact time points selected in this study for PDOX P3 and PDOX T16. Tumor regrowth was followed by MRI, and the mice were euthanized when
the symptoms reached the endpoint. Additional controls applied in the study are presented. Created with BioRender.com

Successful intracranial Tumor resection in PDOXs following
MRI coordinates

We performed surgical resection on eight mice per model
one day after the MRI scans. Following the principles of
the neuronavigation, the resection area was delimited per
mouse based on coordinates established from MRI imag-
ing, and each surgery was performed under the stereo-
tactic frame. To ensure sufficient analgesia, we applied
subcutaneous injections of buprenorphine. Addition of

adrenaline to the local anesthesia helped to reach vessels
vasoconstriction and reduce bleeding during surgery. We
applied the coordinates previously used as the injection
site of the GBM organoids (Fig. 3A), identified as the burr
hole in the scull previously filled with bone wax. After
skin incision, we drilled a 3 mm side square and removed
the skull to prepare the resection area and improve the
visibility of the injection site (Fig. 3A). After opening the
dura mater, we applied the resection coordinates and cut
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Fig. 2 Preoperative MRl imaging for neuronavigation. (A) T2-weighted MRI-based quantification of tumor volumes one day prior to surgical intervention
(mean = SD). Control mice are highlighted: red - control mice without resection (i.e,, tumor growth controls and no resection controls), blue — mice eutha-
nized shortly after resection (i.e, resection controls). (B) T2-weighted MRI of PDOX P3 and PDOX T16 mice euthanized at the resection time without resec-
tion (i.e,, tumor growth controls). Associated H&E and human-specific Nestin staining show the presence of tumor cells. Inserts highlight the presence of
invasive tumor cells at the tumor borders. Scale bars: 2 mm (brown) and 50 um (white). (C) A representative T2-weighted MRI showing the injection site
of organoid implantation (red arrow) and the delineated tumor developed in the mouse brain (red dashed line). (D) Representative T2-weighted MRI of
intracranial tumors in PDOX P3 and T16, one day prior to resection (left panels) and the associated measures to define the resection area (right panels).
The resection was defined from the injection point with 3.3 mm of depth, 0.9 mm on the right side and 1 mm on the left side for the PDOX P3 tumor, and
with 3.4 mm of depth, 0.4 mm to right side and 0.7 mm on the left side for the PDOX T16 tumor

the tissue by slowly moving the Bonn Micro probes. In
contrast to the Hamilton syringe used for implantation
of GBM organoids, the Bonn probe is thin and sharp and
allows precise cutting of the brain tissue. Destroyed tis-
sue was further aspirated with a Pasteur pipette and the
manual aspiration system. The mean time of the surgi-
cal procedure was 20 min per mouse. Of note, since the
GBM tumor borders in PDOXs cannot be identified by
eye, the MRI-based coordinates were the only measure
allowing for a controlled resection. Removal of the tumor
tissue according to the MRI coordinates was successful
in all mice, with a well-visible resection cavity. To replace
the missing skull bone, we placed polypropylene meshes
and fixed them with hystoacryl. This ensured clinically
relevant regrowth of the tumor with adequate intracra-
nial pressure in the brain.

Since one mouse per model suffered from respiratory
depression due to anesthesia shortly after the resection,
we sacrificed these mice (i.e., Resection controls, Fig. 1D)
to verify the extent of the resection by MRI and immu-
nohistochemistry in extracted brains (Fig. 3B). The high-
resolution T2-weighted MRI performed on the PFA-fixed
brain ex vivo revealed tumor resection according to coor-
dinates defined prior the surgery (Fig. 3C). The histologi-
cal analysis further validated the presence of remaining
tumor cells around the resection cavity and at the inva-
sive front (red arrow) in the cortex and in the corpus

callosum (Fig. 3D, E). These were accompanied by amoe-
boid Ibal* microglia/macrophages and aberrant CD31*
blood vessels, reminiscent of the GBM-educated tumor
microenvironment (Fig. 3F).

We further aimed to confirm the extent of tumor resec-
tion in remaining PDOXs. Since the first experiment was
performed on PDOX P3, to avoid mouse suffering/loss,
T2-weighted MRI scans were performed 5 days after
resection. Three mice showed no residual tumor in the
brain, and four mice showed growing tumors between
5 mm? and 12 mm? (Fig. 3G). Since MRI was not per-
formed immediately after the surgery, we cannot deter-
mine whether this difference arose from a lesser extent of
the surgery or faster tumor growth. Since mice supported
well T2-weighted MRI shortly after the surgery, PDOX
T16 mice were scanned directly after the surgery before
the awakening of the mice and 5 days after the surgery
(Fig. 3G). No remaining tumor was detected on MRI in
the seven mice examined directly after the surgery, and
only one mouse showed a small detectable tumor 5 days
after the surgery (Table S2). In summary, we show an effi-
cient protocol for the resection of diffuse tumors devel-
oped in mouse brains.
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(3) The square of the skull was removed, and the hole of the GBM organoid implantation was identified (black arrow). (4) Resection area obtained after
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brains extracted shortly after tumor removal confirm a significant resection area in the brain. Remaining tumor cells are present around the resection site
and in the corpus callosum. Scale bar: 50 um. (E) Magnified representative images of the resection area highlighting the presence of tumor cells directly
around the resection area (black arrows) and tumor cells invading the corpus callosum (red arrows). Scale bar: 50 um (F) Representative images showing
mouse Iba* microglia/macrophages with ameboid morphology (black arrows) and enlarged CD31* blood vessels in the remaining tumor areas (white
arrows). Iba1+ ramified microglia and small CD31* blood vessels are visible in the areas of normal brain devoid of tumor cells (green arrows). Scale bar:
50 um. (G) Representative T2-weighted MRI performed before (left) and after tumor resection (right): 5 days after resection for PDOX P3, directly after the
surgery for PDOX T16. For PDOX P3, the image shows a bright area most likely representing a resection cavity filled with a liquid
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Resection is ineffective to cure GBM in PDOXSs as recurrent
tumors regrow within the resection cavity

To assess mouse recovery and survival after surgical
resection, we followed daily PDOX mice with resected
tumors (seven per model) and control PDOX mice, which
did not undergo surgical resection (i.e., No resection con-
trols, Fig. 1D). All mice recovered after surgery. During
the first 48 h of recovery, mouse body weight decreased
on average between 5% and 10%. Animals presented few
neurological symptoms, such as disorientation and cir-
cling. All symptoms disappeared 48 h after the surgery.
Mice recovered their presurgery body weight and dis-
played normal behavior.

T2-weighted MRI scans revealed regrowth of the
tumor in all PDOXs P3 and T16 that underwent tumor
resection. All tumors recurred in in the resection cav-
ity (Fig. 4A). Weekly MRI showed a decrease in tumor
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growth in both PDOX models after surgical resection
(Fig. 4B). To further assess the impact of resection on
mouse survival, we compared PDOXs that underwent
resection to the historical control groups (n=10 for
P3, n=11 for T16 per model including study controls
and historical groups) (Fig. 4B). Survival of mice that
underwent resection was significantly prolonged. For
PDOX P3, the mean survival increased from 39,5 days
for the control group to 45 days for resected mice (16%,
p value=0.0009). PDOX T16 showed an increase in the
mean survival from 61 days for control mice to 70 days
for the resected group (14,8%, p value <0.0001).

We next assessed the histopathological features of the
tumors that recurred after resection. We confirmed the
presence of the tumors in the initial location and did not
reveal any obvious structural differences between con-
trol and resected tumors (Fig. 5A, B). Recurrent tumors
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Fig. 4 Tumor recurrence after surgical resection. (A) Representative T2-weighted MRI of a control PDOX brain and a resected PDOX brain showing similar
tumors at the endpoint. MRl was performed before euthanasia. (B) MRI-based quantification of tumor growth over time (mean +SD, resected group:
n=7 for both models, control group: n=2 for P3 and n=1 for T16. (C) Kaplan—-Meier curves of control PDOXs (P3: n=8 historical controls and 2 control
mice from the study, T16: n=10 historical controls and 1 control mouse from the study) and resected PDOXs (n=7) shown for PDOX P3 and PDOXT16. A
median survival increase of 5.5 days was observed for PDOX P3 (p value <0.0042) and 9 days for PDOX T16 (p value <0.0001, long-rank test)
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showed high tumor cell density in the right hemisphere
(implantation site) as well as invasion to the cortex
and corpus callosum. While Ki67 staining revealed an
increase in the proliferation index in recurrent tumors in
PDOX P3 compared to historical controls, no difference
was observed in PDOX T16 (Fig. 5C). Interestingly, while
ameboid-shaped Ibal* tumor-associated microglia/mac-
rophages were detected in the tumor core of both control
and recurrent tumors, both models showed decreased
density in resected tumors (Fig. 5D). CD31 staining dis-
played a similar density of blood vessels between the
control and resected tumors, although the average vessel
size was significantly higher in the resected PDOX T16
tumors than in the historical controls (Fig. 5E). In sum-
mary, we show that surgical resection of PDOXs devel-
oped in nude mice leads to prolonged survival and tumor
recurrence.

Discussion

In vivo modeling of gliomas in animals has long been
challenging. Syngeneic and genetically engineered mouse
models show limited resemblance to human gliomas,
whereas subcutaneous and orthotopic xenografts based
on human glioma cell lines do not faithfully recapitulate
all characteristics of patient tumors [5]. In particular,
recapitulation of diffuse cell growth in the normal brain
has been limited in the majority of in vivo glioma mod-
els, restricting their use for clinically relevant surgical
interventions [27]. We have previously shown that intra-
cranial implantation of organoids derived from human
gliomas, in particular GBMs, allows for efficient devel-
opment of PDOX models in immunodeficient mice [22,
23, 26]. Developed human tumors are well integrated in
the mouse brain structure and recapitulate various his-
topathological characteristics of human tumors, includ-
ing diffuse growth in the brain (ie., invasion), necrosis,
pseudopalisading hypoxia and microvascular prolifera-
tion. PDOXs faithfully preserve the genetic, epigenetic,
transcriptomic, metabolomic and stem cell-like profiles
of human gliomas [23, 28-31]. Human tumor cells fur-
ther reciprocally interact with the mouse brain to create
a clinically relevant tumor microenvironment [32]. While
longitudinal PDOXs derived from the same patient at dif-
ferent time points of the clinical treatment protocol allow
for monitoring long-term tumor evolution, preclinical
testing requires direct treatment in mice. We have shown
that PDOX models are amenable for various therapeutic
intervention studies due to efficient tumor take, stable
tumor growth and endpoints, and detectability by MRI
[23, 33, 34]. Here, we further aimed to test whether surgi-
cal resection of GBM PDOX tumors can be performed in
a repeatable manner in mouse brains with clinically rel-
evant outcomes.
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Tumor resection is a key step in the clinical practice of
aggressive brain tumors; hence, it is rarely recapitulated
in preclinical models. To date, the majority of treatments
are being tested on small tumors developing in animals at
early stages. Surgery in small rodents is more challeng-
ing due to the small size of the organs, especially in mice.
To date, tumor resection protocols in mouse brains are
rare and do not yet involve regular application of PDOX
models based on unmodified patient-derived tumor cells.
Here, we implemented a new MRI-guided procedure
for brain tumor resection in immunodeficient mice. We
show that mice can support two consecutive surgeries,
the first surgery for GBM organoid implantation, fol-
lowed by the second intervention for tumor resection
a few weeks later. T2-weighted MRI imaging allows for
detailed monitoring of tumor growth and detailed plan-
ning of the tumor resection coordinates. We show that
tumor resection leads to clinically relevant outcomes,
including recurrence of tumors from the remaining inva-
sive tumor cells and prolonged survival.

MRI imaging is a fundamental step in the preopera-
tive diagnosis and mapping of brain tumor patients and
planning of surgery. In the clinical setting, T2-weighted
imaging allows detecting the tumor core and is sup-
ported by T1-weighted imaging with contrast for visual-
ization of tumor areas with the leaky blood-brain barrier.
We have previously shown that T2-weighted imaging
allows for the detection and quantification of intracra-
nial GBM growth in PDOXs in mice, while detection by
T1-weighted MRI with contrast is limited, most likely
due to small tumor size and restricted size of hypoxic and
necrotic areas with limited blood-brain barrier leakage
[22, 23, 26]. This is improved in nude rats, where tumors
reach higher volumes at endpoints [23]. In our current
cohort, the majority of models are detectable by MRI,
and only very invasive PDOXs with low tumor cell den-
sity are invisible. Similar to the patient tumors, invasive
tumor areas in each model are not detectable, allowing
for a clinically relevant setup of surgical resection based
on MRI-guided coordinates. Having demonstrated the
consistent quantification of tumor volumes in 55% of the
models within our current cohort throughout the growth
process, our procedure can be significantly scaled up to
other PDOXs. The surgical approach can be thus envi-
sioned for application in combination with personalized
drug efficacy studies in the selected tumor types.

Importantly, our approach is applicable to patient-
derived models without the need for additional genetic
modification of tumor cells. This is an improvement in
comparison to previous reports presenting protocols fol-
lowing ocular or fluorescence-guided resection on ortho-
topic brain tumors developed in mice based on cell lines
(U87, GL261) previously modified to express fluorescent
and/or bioluminescent proteins [35—37]. Moreover, while
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the majority of cell line-derived orthotopic tumors create
visually distinguishable tumor “lumps’; tumors developed
from GBM organoids are well integrated in the mouse
brain, mostly undistinguishable by eyes or under binocu-
lar. MRI also has an advantage over 18 F-FET PET/CT-
based follow-up of resected tumors, which is limited only
to tumor models showing high uptake of the tracer in
vivo [19]. As intraoperative MRI is not practical for mice,
MRI-guided coordinates established prior to surgery are
needed for precise, clinically relevant resection.

Although not curative, the extent of surgical resec-
tion in GBM patients has been linked to prolonged
survival [11, 38]. Here, we show that resection of GBM
tumors in mice also leads to prolonged survival with
inevitable recurrence. Following our animal experi-
mentation protocol, to avoid unnecessary use of ani-
mals, we compared the survival of resected mice to
that of our historical controls. This was possible due
to the high reproducibility of tumor growth in the
selected PDOX models. As we did not perform addi-
tional treatments, mock surgeries were not necessary.
These factors should be considered if the systemic
response to injury may influence the experimental
outcome [16]. The surgical procedure did not reveal
major technical issues, and the majority of mice sur-
vived after two consecutive brain surgeries. In this
study, only two mice (one per model) suffered from
respiratory depression, most likely due to anesthesia
during surgery. Another cause may be linked to the use
of ketamine and xylazine, which could have induced
hypotonia and consecutive hypoxemia, hypercapnia
and acidosis.

Noticeably, the resection protocol was not curative,
and residual tumor cells that remained in the mouse
brain led to tumor regrowth in the initial position
along the resection cavity. This is in line with the clini-
cal situation, as the majority of GBM tumors typically
recur locally, with recurrent tumors extending from
the resection cavity of the initial surgery [39]. The
resection time point and consecutive time of recur-
rence were linked to the PDOX model used, and more
proliferative PDOX P3 recurred faster than less pro-
liferative PDOX T16. Surgical resection in the PDOX
models led to a median survival benefit of 6 days for
PDOX P3 and 9.5 days for PDOX T16. This is com-
parable to the survival benefits reported for cell line-
based xenografts in mice (GL261 4-5 days [16, 35,
36], U87 8-10 days [37, 40]), while a>20 day survival
benefit was reported in GBM PDOX P3 developed in
nude rats [21]. The difference likely arises from a dif-
ferent time point possible for the surgery (week 4 after
implantation) and larger tumor volumes that can be
achieved in rats. Similar to P3 tumors in nude rats, we
observed an increased proliferation index in resected
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tumors; however, this difference was not confirmed in
the second PDOX model (T16).

We did not observe major changes in the struc-
ture of the recurrent tumors in resected mice. Our
data are in line with observations in recurrent GBM
patient tumors that show similar histopathological fea-
tures and overall structure [41, 42]. Recurrent tumors
showed similar invasion to the cortex and corpus cal-
losum as well as the mouse-derived components of the
tumor microenvironment. While the density of tumor-
associated microglia/macrophages was observed in the
two models, only a minor increase in the size of blood
vessels was observed in the recurrent tumor of PDOX
T16. This is in contrast to the findings in nude rats,
where significantly increased blood vessel area and
increased density of macrophages were reported in
tumors that regrew after resection [19, 21]. More data
are needed to understand whether such differences are
patient- and/or model dependent. Moreover, the com-
position of the tumor microenvironment may depend
on the tissue collection time point after the surgery.
Our protocol allowed for mouse follow-up until the
endpoint, potentially allowing for a longer time for the
tumors to recover from the surgical intervention.

Categorization of the extent of the surgery, regularly
performed in patients, may be challenging in mice due
to limited contrast enhancement. Based on the post-
operative T2-weighted MRI imaging and histopatho-
logical analysis of resected tumors, we estimated that
we reached “near total” (80-90% tumor core removed)
to “complete/gross total” (approximately 100% tumor
core removed) extent of surgery. This parameter can
be adjusted according to the protocol needs by adapt-
ing MRI-based coordinates to achieve less invasive
resection, i.e., the “subtotal” level (<80%). In this con-
text, further optimizations of tumor detection by fluo-
rescence may include ALA-5, a fluorescent agent that
is regularly used to visualize brain tumor cells dur-
ing surgeries in glioma patients. Potentially it could
allow reaching the “suboptimal” resection (extended
to/beyond tumor borders). However, it remains to
be seen whether blood-brain barrier leakage in GBM
PDOX models is sufficient to reach optimal staining
for tumor cells with ALA-5, as ALA-5 is impermeable
though the intact blood-brain barrier [20, 43].

In summary, we present an efficient and clinically rel-
evant protocol for the resection of GBM tumors using
PDOX models developed in mice. In the future, this
model can be combined with standard-of-care treat-
ment and/or for testing novel treatment strategies in
a larger cohort of PDOX models with varying molecu-
lar backgrounds. While immunocompetent models are
needed for testing modulations of the immune system
linked to surgery [16], PDOX models may be beneficial
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for interventions targeting tumor cells. For example,
resected GBM PDOXs may be applied as a valuable
tool for the assessment of the molecular evolution of
tumors and phenotypic plasticity directly upon treat-
ment [44]. In particular, it may be relevant for testing
novel modalities requiring local delivery to the resec-
tion cavity and/or drugs aimed at targeting invasive
cells shortly after surgery. The model could also be
applied to develop MRI- and/or PET-based protocols
for the visualization of invasive cells present in the
brain not available for surgical resection and image-
guided surgery protocols.

Conclusions

In conclusion, our work demonstrates the feasibility of
replicating surgical interventions in preclinical brain can-
cer models. We have successfully performed intracranial
surgeries in GBM PDOX models, which accurately mimic
the diffuse tumor growth observed in mouse brains. Sim-
ilar to patient’s clinical protocols, the utilization of MRI
enables the evaluation of tumor growth before and after
the surgery, as well as facilitates the planning of surgical
coordinates.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512885-023-11774-6.

Supplementary Material 1: Table S1. Characteristics of the glioma PDOX
model cohort

Supplementary Material 2: Table S2. Quantification of the tumor vol-
umes after surgical resection

Acknowledgements

We are grateful to the Neurosurgery Department of the Centre Hospitalier
de Luxembourg and Clinical andEpidemiological Investigation Center of
the LIH for support in tumorcollection. We thank Prof Axel Kornerup Hansen
and Prof Dorte Bratbo Serensenfrom the University of Copenhagen for their
educational support during themaster thesis project in laboratory animal
science (AO).

Author contributions

Conceptualization: AO, SPN, AG; Methodology: AO, PMS, VB, SPN, AG;
Investigation: AO, PMS, VB; Formal analysis: AO, PMS, VB, AG; Resources: SPN,
AG; Supervision: SPN, AG; Writing - Original Draft: AO, AG; Writing - Review &
Editing: all authors.Acknowledgments: We thank the Animal facilityand the In
vivo imaging facility of the LIH for their technical support.

Funding

We acknowledge the financial support by the Luxembourg Institute of Health,
the Luxembourg National Research Fund (FNR, PRIDE19/14254520/i2TRON,
C20/BM/14646004/GLASSLUX) and the Fondation du Pélican de Mie et Pierre
Hippert-Faber Under the Aegis of Fondation de Luxembourg. For the purpose
of open access, and in fulfilment of the obligationsarising from the FNR

grant agreement, the author has applied a Creative CommonsAttribution 4.0
International (CC BY 4.0) license to any Author AcceptedManuscript version
arising from this submission.

Data availability

PDOX models and molecular data are available via Patient Derived Cancer
Models Finder (https://www.cancermodels.org/) and are part of the EuroPDX
consortium collection (www.europdx.eu).

Page 13 of 14

Declarations

Ethics approval and consent to participate

Prior to their participation, patients provided informed consent, and the
collection of tumor samples and all experimental procedures strictly adhered
to ethical guidelines and local regulations. The study received official approval
from the following local research ethics committees: the National Committee
for Ethics in Research (CNER) Luxembourg, under the protocol number
201201/06, and the Haukeland University Hospital, under the protocol
number 2009/117. Animal experiments were performed in accordance

with the 3R rules and the regulations of the European Directive on animal
experimentation (2010/63/EU). Animal protocols were rigorously approved by
the local ethics committees in compliance with national regulations at two
stages: (i) the Animal Welfare Structure’ of the Luxembourg Institute of Health
and (i) by the joint evaluation of the Luxembourg Ministry of Agriculture and
the Luxembourg Ministry of Health (protocols: LRNO-2014-01, and LRNO-
2016-04). The ARRIVE guidelines were applied for reporting of the findings.

Consent for publication
Not applicable.

Competing interests
AG acts as a guest editor in the BMC Cancer collection: “Advances in preclinical
cancer models”. AO, PMS, VB and SPN have no competing interest.

Author details

'NORLUX Neuro-Oncology Laboratory, Department of Cancer Research,
Luxembourg Institute of Health (LIH), 6A, Rue Nicolas-Ernest Barblé,
Luxembourg L-1210, Luxembourg

Department of Life Sciences and Medicine, Faculty of Science,
Technology and Medicine (FSTM), University of Luxembourg,

Belvaux L-4367, Luxembourg

Received: 7 July 2023 / Accepted: 18 December 2023
Published online: 02 January 2024

References

1. Gavin PR, Kraft SL, Wendling LR, Miller DL. Canine spontaneous brain tumors—
a large animal model for BNCT. Strahlentherapie Und Onkologie: Organ Der
Deutschen Rontgengesellschaft. 1989;165(2-3):225-8.

2. Weber K, Garman RH, Germann PG, Hardisty JF, Krinke G, Millar P, Pardo ID.
Classification of neural tumors in laboratory rodents, emphasizing the rat.
Toxicol Pathol. 2011;39(1):129-51.

3. Dagle GE, Zwicker GM, Renne RA. Morphology of spontaneous brain tumors
in the rat. Vet Pathol. 1979;16(3):318-24.

4. Byrne AT, Alferez DG, Amant F, Annibali D, Arribas J, Biankin AV, et al. Inter-
rogating open issues in cancer precision medicine with patient-derived
xenografts. Nat Rev Cancer. 2017;17(4):254-68.

5. Huszthy PC, Daphu I, Niclou SP, Stieber D, Nigro JM, Sakariassen PO, et al. In
vivo models of primary brain tumors: pitfalls and perspectives. Neurooncol-
ogy. 2012;14(8):979-93.

6. RenlL,Huang S, BeckJ, LeBlanc AK. Impact of limb amputation and cisplatin
chemotherapy on metastatic progression in mouse models of osteosarcoma.
Sci Rep. 2021;11(1):24435.

7. Gast CE, Shaw AK, Wong MH, Coussens LM. Surgical procedures and
Methodology for a preclinical murine model of De Novo Mammary Cancer
Metastasis. J Vis Exp. 2017(125).

8. Mallya K, Gautam SK, Aithal A, Batra SK, Jain M. Modeling Pancreatic cancer
in mice for experimental therapeutics. Biochim Biophys Acta Rev Cancer.
2021;1876(1):188554.

9. Linxweiler J, Hajili T, Zeuschner P, Menger MD, Stockle M, Junker K, Saar M.
Primary Tumor resection decelerates Disease Progression in an Orthotopic
Mouse Model of metastatic Prostate Cancer. Cancers (Basel). 2022:14(3).

10.  Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-Branger D, et al. The
2021 WHO classification of tumors of the Central Nervous System: a sum-
mary. Neurooncology. 2021;23(8):1231-51.

11. Molinaro AM, Hervey-Jumper S, Morshed RA, Young J, Han SJ, Chunduru
P, et al. Association of Maximal Extent of Resection of contrast-enhanced
and non-contrast-enhanced Tumor with Survival within Molecular


https://doi.org/10.1186/s12885-023-11774-6
https://doi.org/10.1186/s12885-023-11774-6
https://www.cancermodels.org/
http://www.europdx.eu

Oudin et al. BMC Cancer

20.

22.

23.

24.

25,

26.

27.

28.

(2024) 24:3

subgroups of patients with newly diagnosed Glioblastoma. JAMA Oncol.
2020;6(4):495-503.

Rao G. Intraoperative MRI and maximizing extent of Resection. Neurosurg
Clin North Am. 2017;28(4):477-85.

Eseonu Cl, Rincon-Torroella J, ReFaey K, Lee YM, Nangiana J, Vivas-Buitrago

T, Quinones-Hinojosa A. Awake craniotomy vs craniotomy under General
Anesthesia for Perirolandic Gliomas: evaluating Perioperative Complications
and Extent of Resection. Neurosurgery. 2017,81(3):481-9.

Coburger J, Hagel V, Wirtz CR, Konig R. Surgery for Glioblastoma: impact of
the combined use of 5-Aminolevulinic acid and Intraoperative MRI on extent
of Resection and Survival. PLoS ONE. 2015;10(6):e0131872.

Lara-Velazquez M, Al-Kharboosh R, Jeanneret S, Vazquez-Ramos C, Mahato D,
Tavanaiepour D et al. Advances in Brain Tumor Surgery for Glioblastoma in
adults. Brain Sci. 2017;7(12).

Otvos B, Alban TJ, Grabowski MM, Bayik D, Mulkearns-Hubert EE, Radi-
voyevitch T, et al. Preclinical modeling of Surgery and steroid therapy for
Glioblastoma reveals changes in Immunophenotype that are Associated with
Tumor Growth and Outcome. Clin Cancer Res. 2021;27(7):2038-49.

Sheets KT, Bago JR, Paulk IL, Hingtgen SD. Image-guided resection of
Glioblastoma and Intracranial Implantation of therapeutic stem cell-seeded
scaffolds. J Vis Exp. 2018(137).

Sweeney KJ, Jarzabek MA, Dicker P, O'Brien DF, Callanan JJ, Byrne AT, Prehn JH.
Validation of an imageable surgical resection animal model of Glioblastoma
(GBM). J Neurosci Methods. 2014;233:99-104.

Knudsen AM, Halle B, Cedile O, Burton M, Baun C, Thisgaard H, et al.

Surgical resection of glioblastomas induces pleiotrophin-mediated self-
renewal of glioblastoma stem cells in recurrent tumors. Neurooncology.
2022,24(7):1074-87.

Pacioni S, D'Alessandris QG, Giannetti S, Della Pepa GM, Offi M, Giordano M
et al. 5-Aminolevulinic acid (5-ALA)-Induced protoporphyrin IX fluorescence
by glioma Cells-A fluorescence Microscopy Clinical Study. Cancers (Basel).
2022,14(12).

Zhu H, Leiss L, Yang N, Rygh CB, Mitra SS, Cheshier SH, et al. Surgical debulk-
ing promotes recruitment of macrophages and triggers glioblastoma phago-
cytosis in combination with CD47 blocking immunotherapy. Oncotarget.
2017,8(7):12145-57.

Oudin A, Baus V, Barthelemy V, Fabian C, Klein E, Dieterle M, et al. Protocol

for derivation of organoids and patient-derived orthotopic xenografts from
glioma patient tumors. STAR Protoc. 2021;2(2):100534.

Golebiewska A, Hau AC, Oudin A, Stieber D, Yabo YA, Baus V, et al. Patient-
derived organoids and orthotopic xenografts of primary and recurrent
gliomas represent relevant patient avatars for precision oncology. Acta
Neuropathol. 2020;140(6):919-49.

Workman P, Aboagye EO, Balkwill F, Balmain A, Bruder G, Chaplin DJ, et al.
Guidelines for the welfare and use of animals in cancer research. Br J Cancer.
2010;102(11):1555-77.

Varghese F, Bukhari AB, Malhotra R, De A. IHC profiler: an open source plugin
for the quantitative evaluation and automated scoring of immunohisto-
chemistry images of human tissue samples. PLoS ONE. 2014;9(5):e96801.
Bougnaud S, Golebiewska A, Oudin A, Keunen O, Harter PN, Mader L, et al.
Molecular crosstalk between tumour and brain parenchyma instructs histo-
pathological features in glioblastoma. Oncotarget. 2016;7(22):31955-71.
Radaelli E, Ceruti R, Patton V, Russo M, Degrassi A, Croci V, et al. Immunohis-
topathological and neuroimaging characterization of murine orthotopic
xenograft models of Glioblastoma Multiforme recapitulating the most salient
features of human Disease. Histol Histopathol. 2009;24(7):879-91.

Stieber D, Golebiewska A, Evers L, Lenkiewicz E, Brons NH, Nicot N, et al.
Glioblastomas are composed of genetically divergent clones with distinct

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 14 of 14

tumourigenic potential and variable stem cell-associated phenotypes. Acta
Neuropathol. 2014;127(2):203-19.

Dirkse A, Golebiewska A, Buder T, Nazarov PV, Muller A, Poovathingal S,

et al. Stem cell-associated heterogeneity in Glioblastoma results from
intrinsic Tumor plasticity shaped by the microenvironment. Nat Commun.
2019;10(1):1787.

Golebiewska A, Bougnaud S, Stieber D, Brons NH, Vallar L, Hertel F, et al. Side
population in human glioblastoma is non-tumorigenic and characterizes
brain endothelial cells. Brain. 2013;136(Pt 5):1462-75.

Fack F, Tardito S, Hochart G, Oudin A, Zheng L, Fritah S, et al. Altered meta-
bolic landscape in IDH-mutant gliomas affects phospholipid, energy, and
oxidative stress pathways. EMBO Mol Med. 2017;9(12):1681-95.

Yabo YA, Moreno-Sanchez PM, Pires-Afonso Y, Kaoma T, Kyriakis D, Grzyb K et
al. Glioblastoma-instructed microglia transit to heterogeneous phenotypic
states with phagocytic and dendritic cell-like features in patient tumors and
patient-derived orthotopic xenografts. bioRxiv. 2023:2023.03.05.531162.
Fack F, Espedal H, Keunen O, Golebiewska A, Obad N, Harter PN, et al.
Bevacizumab treatment induces metabolic adaptation toward anaerobic
metabolism in glioblastomas. Acta Neuropathol. 2015;129(1):115-31.

Abdul Rahim SA, Dirkse A, Oudin A, Schuster A, Bohler J, Barthelemy V, et al.
Regulation of hypoxia-induced autophagy in glioblastoma involves ATG9A.
BrJ Cancer. 2017;117(6):813-25.

Sheets KT, Bago JR, Paulk IL, Hingtgen SD. Image-guided resection of
Glioblastoma and Intracranial Implantation of therapeutic stem cell-seeded
scaffolds. J Vis Exp. 2018(137).

Tang B, Foss K, Lichtor T, Phillips H, Roy E. Resection of orthotopic murine
brain glioma. Neuroimmunol Neuroinflammation. 2021;8(1):64-9.

Hingtgen S, Figueiredo JL, Farrar C, Duebgen M, Martinez-Quintanilla J, Bhere
D, Shah K. Real-time multi-modality imaging of glioblastoma Tumor resection
and recurrence. J Neurooncol. 2013;111(2):153-61.

Kuhnt D, Becker A, Ganslandt O, Bauer M, Buchfelder M, Nimsky C. Correlation
of the extent of Tumor volume resection and patient survival in Surgery

of Glioblastoma Multiforme with high-field intraoperative MRI guidance.
Neurooncology. 2011;13(12):1339-48.

De Bonis P, Anile C, Pompucci A, Fiorentino A, Balducci M, Chiesa S, et al.
The influence of Surgery on recurrence pattern of glioblastoma. Clin Neurol
Neurosurg. 2013;115(1):37-43.

Kauer TM, Figueiredo JL, Hingtgen S, Shah K. Encapsulated therapeutic stem
cellsimplanted in the Tumor resection cavity induce cell death in gliomas.
Nat Neurosci. 2011;15(2):197-204.

Hoogstrate Y, Draaisma K, Ghisai SA, van Hijfte L, Barin N, de Heer |, et al.
Transcriptome analysis reveals Tumor microenvironment changes in glioblas-
toma. Cancer Cell. 2023;41(4):678-92. e7.

Varn FS, Johnson KC, Martinek J, Huse JT, Nasrallah MP, Wesseling P, et al.
Glioma progression is shaped by genetic evolution and microenvironment
interactions. Cell. 2022;185(12):2184-99¢e16.

Ennis SR, Novotny A, Xiang J, Shakui P, Masada T, Stummer W, et al.

Transport of 5-aminolevulinic acid between blood and brain. Brain Res.
2003;959(2):226-34.

Yabo YA, Niclou SP, Golebiewska A. Cancer cell heterogeneity and plasticity: a
paradigm shift in glioblastoma. Neurooncology. 2021.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Magnetic resonance imaging-guided intracranial resection of glioblastoma tumors in patient-derived orthotopic xenografts leads to clinically relevant tumor recurrence
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Glioma PDOX models
	﻿Tumor resection protocol
	﻿GBM organoid implantation
	﻿Surgical resection
	﻿Animal welfare monitoring


	﻿Magnetic resonance imaging (MRI)
	﻿In vivo
	﻿Ex vivo
	﻿Image analysis

	﻿Immunohistochemistry
	﻿Results
	﻿High subset of intracranial tumors derived as glioma PDOX models can be reliably detected and quantified by MRI, allowing for MRI-guided surgical resection
	﻿Intracranial tumor mapping by MRI allows for preoperative neuronavigation planning of surgical resection
	﻿Successful intracranial Tumor resection in PDOXs following MRI coordinates
	﻿Resection is ineffective to cure GBM in PDOXs as recurrent tumors regrow within the resection cavity

	﻿Discussion
	﻿Conclusions
	﻿References


