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Abstract

Background. Glioblastomas are highly resistant to therapy, and virtually all patients experience tumor recurrence
after standard-of-care treatment. Surgical tumor resection is a cornerstone in glioblastoma therapy, but its impact
on cellular phenotypes in the local postsurgical microenvironment has yet to be fully elucidated.

Methods. We developed a preclinical orthotopic xenograft tumor resection model in rats with integrated '8F-FET
PET/CT imaging. Primary and recurrent tumors were subject to bulk and single-cell RNA sequencing. Differentially
expressed genes and pathways were investigated and validated using tissue specimens from the xenograft model,
23 patients with matched primary/recurrent tumors, and a cohort including 190 glioblastoma patients. Functional
investigations were performed in vitro with multiple patient-derived cell cultures.

Results. Tumor resection induced microglia/macrophage infiltration, angiogenesis as well as proliferation and
upregulation of several stem cell-related genes in recurrent tumor cells. Expression changes of selected genes
SOX2, POU3F2, OLIG2, and NOTCH1 were validated at the protein level in xenografts and early recurrent patient
tumors. Single-cell transcriptomics revealed the presence of distinct phenotypic cell clusters in recurrent tumors
which deviated from clusters found in primary tumors. Recurrent tumors expressed elevated levels of pleiotrophin
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(PTN), secreted by both tumor cells and tumor-associated microglia/macrophages. Mechanistically, PTN
could induce tumor cell proliferation, self-renewal, and the stem cell program. In glioblastoma patients,
high PTN expression was associated with poor overall survival and identified as an independent prognostic

factor.

Conclusion. Surgical tumor resection is an iatrogenic driver of PTN-mediated self-renewal in glioblastoma
tumor cells that promotes therapeutic resistance and tumor recurrence.

Key Points

Importance of the Study

Surgical tumor resection is a cornerstone in glioblas-
toma therapy. By establishing and applying a preclinical
glioblastoma resection model, we identified surgical
resection as an inducer of the stem cell state in re-
current tumor cells mediated, in part, by pleiotrophin
signaling. Glioblastoma stem cells have high intrinsic
resistance toward radio- and chemotherapy, which
is administered adjuvant in the postsurgical setting.
As such, residual tumor cells become more prone to
survive radio- and chemotherapy and facilitate tumor

Glioblastoma (GBM) is the most common and malignant
primary brain tumor. Current standard-of-care treatment in-
cludes surgical tumor resection and radio- and chemotherapy
with concomitant and adjuvant temozolomide (TMZ). Despite
therapeutic interventions, the median survival of GBM pa-
tients is approximately 15 months." Maximal surgical tumor
resection is a cornerstone in GBM therapy, and complete re-
section is an independent prognostic factor for progression-
free survival and overall survival.? Microsurgical techniques
and 5-aminolevulinic acid (5-ALA) aid the achievement of
gross total resection, yet, approximately 90% of GBM patients
experience tumor recurrence in the resection margin.3The or-
igin of recurrences can be ascribed to the diffusely infiltrative
nature of GBM tumor cells,* which makes complete resec-
tion nearly impossible. Although the resection margin is the
region of recurrence, the margin has gained much less atten-
tion than central tumor areas, despite reports of intratumoral
heterogeneity in these different regions.® The few residual
tumor cells left behind after surgery inhabit the reactive
postsurgical microenvironment characterized by neuronal
death, infiltration of microglia/macrophages, astrogliosis, an-
giogenesis, blood-brain barrier disruption, and edema,® and
eventually lead to tumor recurrence.

Surgical resection of breast-, lung-, and colorectal cancer
has shown that surgical intervention can promote disease

recurrence and ultimately patient death. latrogenic
induction of the stem cell program in residual tumor
cells left in the resection cavity may therefore con-
tribute to the resistance mechanisms responsible for
failures of both current standard-of-care treatment and
novel clinical trials. Development and application of fu-
ture therapeutic strategies should consider this stem
cell enrichment in recurrent glioblastoma tumor cells
to improve treatment efficacy and ultimately patient
survival.

progression and metastasis.” The central nervous system
responds to damage through neuro-inflammation, me-
diated by many different intrinsic and extrinsic cell types,
such as astrocytes, microglia, pericytes, endothelial cells,
monocytes/macrophages, neutrophils, NK cells, and
lymphocytes.® The post-therapeutic inflammatory micro-
environment secretes various cytokines, chemokines, and
growth factors,® which mediate tissue repair mechanisms,
but simultaneously also support tumor cell proliferation
and survival, thereby ultimately laying the foundation for
tumor recurrence.' In murine preclinical glioma resection
models, it has been shown that reactive astrocytes can
potentiate tumor aggressiveness following surgical re-
section alone,” and that resection can suppress immune
responses.’> However, the impact and potential pheno-
typic changes induced by tumor resection are largely over-
looked, and its potential role in therapeutic resistance has
yet to be fully uncovered.

Materials and Methods

Detailed methodological descriptions are available in the
Supplementary material.
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Cell Cultures

The patient-derived GBM spheroid cultures P3, T78, T86,
T87,T110,T111,T123,T129, andT138 were cultured in serum-
free neurobasal medium. Primary human microglia and
immortalized SV-40 microglia were cultured in DMEM.
Proliferation was measured with MTS assays. For limiting
dilution assays, 100, 50, 10, 5, 1 cell(s)/well were seeded
and analyzed with the ELDA software."® For cell clot gener-
ation, tumor spheroids were fixed, washed, and two drops
of plasma and one drop of thrombin were added.

In Vitro O-(2-['®F]Fluoroethyl)-L-Tyrosine (18F-
FET) Uptake Assay

Tumor cells were exposed to 15 kBq GMP-grade "8F-FET for
60 min and washed. "®F-FET uptake was measured in the
AtomLab 950 (Biodex Medical Systems).

GBM Xenograft Model and Tumor Resection
Procedure

Orthotopic xenografts were generated in female nude rats
(NIH-Foxn1™Y) aged 6-8 weeks. A craniotomy was centered
around the implantation burr hole.The tumor was resected
by gentle microdissection alternated with saline irrigation
and suctioning. Hemostasis was achieved with Surgicel or
electrocoagulation.

18F-FET PET/CT Scans and Data Analysis

Animals were fasted for 4 h and anesthetized. Through a
tail-vein catheter, 50 MBq "8F-FET was injected. After 1 h, a
1-bed CT scan was performed followed by a 15-min static
PET scan. Data were reconstructed using an OSEM3D/
SP-MAP algorithm.

Tumor Dissociation and Sample Preparation

Single-cell suspensions were generated using the Brain
Tumor Dissociation Kit and gentleMACS Dissociator
(Miltenyi Biotec). Cellular debris and myelin were removed
with debris removal solution, myelin removal beads Il, and
LS columns, before erythrocytes were lysed.

Cell Sorting

Fc receptors were blocked before the addition of CD11b PE,
CD45 BB700, EAAT2 FITC, HLA-ABC Alexa Fluor 700, and
live/dead fixable violet stain (Invitrogen). Cells were sorted
with a FACSAria lll sorter. The gating strategy is displayed
in Supplementary Figure 1B. Sorting purity was validated
by re-acquisition of sorted cells (Supplementary Figure 1C).

Total mRNA Sequencing

Total RNA was extracted and the NEBNext Poly(A)
mRNA Magnetic Isolation module was used to isolate
mRNA. cDNA synthesis was performed with the NEBNext

Ultra Il RNA Library Prep Kit. Sequencing was performed
on an lllumina NovaSeq 6000.

Single-Cell Sequencing

Methanol-fixed single cells were rehydrated, passed
through a 40 pm filter, and processed according to the 10x
Genomics Chromium next GEM single-cell 3’ reagent kits
v3.1 protocol. Library preparation was performed using
the Chromium Next GEM Single Cell 3 Library Kit v3.1.

Bioinformatics

Raw sequencing data were demultiplexed and con-
verted into FASTQ files with bcl2Fastq. Data were aligned
against the Homo sapiens genome and transcriptome
using STAR." The edgeR R package'® was used for trans-
forming raw counts into counts per million and for differ-
ential expression analysis using the glmFit and glmLRT
functions. Detection of enriched BIOCARTA,'¢ KEGG,"” and
REACTOME" gene sets was based on pre-ranked gene set
enrichment analysis (GSEA) and the fgsea R package.”
Single-cell RNA sequencing data were demultiplexed
with the 10x Genomics CellRanger Software (V3.1.0) and
analyzed with the Seurat R package (V4.0). After quality
control, uniform manifold approximation and projection
(UMAP) clustering was performed, and positive gene
markers in each cluster were identified. GSEA was per-
formed to identify enriched pathways. In silico protein
interactions were investigated using STRING.?°

Patient and Tissue Inclusion

Formaldehyde-fixed paraffin-embedded tissue sections
from 11 patients with matching primary and early recur
rent GBMs (<6 months) were identified and compared
to 12 matched primary and recurrent tumors, with recur-
rences 12-19 months after diagnosis. Patient survival was
assessed with a well-annotated glioma cohort,?" including
190 GBM patients (184 IDH-wildtype). Patient characteris-
tics are summarized in SupplementaryTable 1.

Immunohistochemistry and Automated
Quantitative Analysis

Tissue sections (3 um) were subject to deparaffinization
and heat-induced epitope retrieval. Sections were stained
with H&E, vimentin, Iba-1, VEGF, SOX2, OLIG2, POU3F2,
CD133, PTN, PTPRZ1, and Notch1. Stained slides were digi-
talized, and different classifiers were designed to quantify
fractions of cells with positive staining, staining areas, and
intensities using the Visiopharm software V2018.9.4.

Immunofluorescence Staining

Tissue sections were prepared as described for
immunohistochemistry. Antibody detection was performed
with DISCOVERY OmniMap anti-rabbit/mouse HRP coupled
with the DISCOVERY Cy5 and FAM Kits. Nuclei were
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counterstained with DAPI. Images were acquired on a Leica
DM6000B microscope with an Olympus DP72 camera.

ELISA

Tumor cells were resuspended in 20 mL medium, incu-
bated for 48 h, and the supernatant was stored at —80°C.
The human Pleiotrophin/PTN ELISA Kit (Invitrogen) was
used according to the manufacturer’s instructions.

Statistical Analysis

Group comparisons were performed using Student’s t-test,
Mann-Whitney U test, one-way ANOVA, and Tukey’s mul-
tiple comparison test or Kruskal-Wallis test with Dunn'’s
multiple comparison test. Correlations were assessed with
Pearson R. Survival analysis was performed with Kaplan-
Meier curves, log-rank tests, and Cox proportional hazard
regression. Error bars represent mean = SEM.

Ethics

Approvals were obtained from the Danish Data Inspection
Authority (#16/11065), the Regional Scientific Ethical
Committee of the Region of Southern Denmark (#S-
20150148), and The Animal Experiments Inspectorate in
Denmark (#2018-15-0201-01472).

Results
18F-FET Can Identify Preclinical GBM Growth

To establish PET/CT-based monitoring of tumor growth,
we initially tested the "8F-FET uptake of 6 different patient-
derived spheroid cultures in vitro (Supplementary Figure
2A).T78 cells had the highest uptake and were investigated
in vivo along with the previously validated P3 cells.?? P3
xenografts could successfully be detected by '8F-FET PET
3-4 weeks after implantation and a combined compact/
diffuse tumor growth pattern was histologically validated
(Figure 1A). Surprisingly, T78 xenografts showed no '8F-
FET uptake despite diffuse tumor growth (Supplementary
Figure 2B), demonstrating poor correlation with in vitro '8F-
FET uptake. Dynamic PET scans revealed that P3 xenografts
showed >98% of maximum voxel intensity 60-min post-'8F-
FET injection (Supplementary Figure 2C). Subsequently, P3
xenografted animals were used, and PET/CT scanned 1-h
post-"8F-FET injection. A timeline indicating the different
procedures is outlined in Figure 1B.

Resection of GBM Xenografts Closely Mimics
Clinical Patient GBM Resection

Following "8F-FET PET/CT detection of primary tumors 3-4
weeks after implantation, tumor resection was performed
(Figure 1C). As observed in H&E and tumor cell-specific
vimentin staining, resected tissue fragments were com-
prised of both cell-dense bulk tumor (Figure 1D, region

1) and tumor-infiltrated brain parenchyma (Figure 1D, region
2), thereby closely resembling resected patient GBM speci-
mens. Despite near gross total resection (Figure 1E), 72-h
postsurgical "®F-FET PET/CT scans showed an increase in
tracer uptake, presumably due to reactive changes induced
by the resection (Supplementary Figure 2D). Therefore,
the postsurgical scan was used as a new baseline scan.
8F-FET uptake remained stable for 2 weeks before further
increasing (Figure 1F; Supplementary Figure 2D). As such,
tumor recurrence was detectable approximately 2'2 weeks
after resection and was histologically validated (Figure 1F).
Subsequently, all recurrent tumors were isolated 3 weeks
after resection. Examples of "8F-FET tumor uptake at dif-
ferent time points are shown in Supplementary Figure 2E.

Surgical Tumor Resection Induces Tumor Cell
Proliferation, Activation of Tumor-Promoting
Signaling Pathways, Angiogenesis, and
Infiltration With Microglia/Macrophages

Next, tumor cells from primary and recurrent tumors were
isolated based on human-specific MHC class 1 antigen
HLA-ABC expression. Total RNA sequencing revealed 2266
genes with significant differential expression in recurrent
tumor cells (1769 upregulated and 497 downregulated,
Supplementary data 1). The top-10 positively enriched
REACTOME, KEGG, and BIOCARTA pathways are repre-
sented in Figure 2A. Interestingly, cell cycle ranked among
the most enriched pathways, and by quantifying the fraction
of proliferating vimentin+/Ki-67+ tumor cells (Figure 2B),
we found that tumor cells in recurrent tumors were more
proliferative compared to primary tumors (69.4% vs 61.1%,
P=.002, Figure 2C). Several pathways involved in cancer
signaling were upregulated in recurrent tumor cells, ex-
emplified by KEGG_PATHWAYS_IN_CANCER (NES = 1.9,
P=2.81E), KEGG_GLIOMA (NES =1.91, P=.001), and 10
additional cancer annotated pathways (Supplementary
data 1). Interestingly, a shift in the GBM subtype was ob-
served after resection; primary tumors were classified as
mesenchymal, while recurrent tumors matched with the
proneural subtype.

Recurrent tumors upregulated the VEGF signaling
pathway (Supplementary data 1), and VEGF protein
upregulation could be validated in P3 xenografts, where re-
current tumors had a higher staining area fraction compared
to primary tumors (20.5% vs 3.2%, P=.008, Figure 2D).

Additionally, a significantly higher proportion of mi-
croglia/macrophages was found in recurrent xenografts
compared to primary tumors (50.4% vs 29.1%, P=.001,
Figure 2E and F), and the same pattern was observed in
recurrent patient GBMs (31.4% vs 21.7%, P= .01, Figure 2F).
A complete list of upregulated pathways and gene sets in
recurrent tumors is supplied in Supplementary data 1.

Surgical Tumor Resection Induces Self-Renewal
in Recurrent Tumors

Among the upregulated single genes in recurrent tumor
cells, a number of stem cell-related genes were identified
(Supplementary Table 2 and Supplementary data 1), and
therefore we hypothesized that recurrent tumors may be
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Fig. 1 Establishment and validation of PET/CT-based tumor detection and surgical resection procedure. (A) Representative 'F-FET PET/CT and
histological images from a P3 xenograft 4 weeks after tumor cell implantation. Scale = 2.5 mm. (B) Timeline depicting tumor cell implantation
and subsequent procedures. (C) Tumor resection procedure; Exposure of the implantation burr hole (C1), craniotomy (C2), bone flap removal
(C3), microsurgical resection (C4), and bone flap repositioning (C5). Scale =5 mm. (D) H&E and tumor cell marker vimentin stains of resected
tissue. Scale =2.5 mm (overview) and 50 um (inserts). (E) Histological section from a post-resection brain confirming gross total resection.
Scale = 25 mm. (F) Representative '®F-FET PET/CT images and histological validation at recurrence, 3 weeks after resection. Scale = 2.5 mm
(PET/CT) and 5 mm (histology). Abbreviations: CT, computed tomography; PET, positron emission tomography.
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enriched for GBM stem cells (GSC).To address this, we com-
piled a 28-gene GSC signature based on pivotal GSC pa-
pers,?>% and this signature was highly enriched in recurrent
tumors (NES =2.23, P=8.55E, Figure 3A). Recurrent tumors
further upregulated several GSEA annotated stem cell-
related pathways, including BIOCARTA_NFKB_PATHWAY
(NES=1.84, P=.02), KEGG_WNT_SIGNALING_PATHWAY
(NES=1.67 P=.004), and REACTOME_SIGNALING_BY_
NOTCH (NES =2.27, P=2.78E).

On the protein level, we confirmed upregulation of
selected GSC markers including SOX2, OLIG2, POU3F2,
Notch1, and CD133 in recurrent xenografts (Figure 3B-D;
Supplementary Figure 3A-C). Interestingly, these findings
could be validated in early recurrent patient GBMs, which
had significantly higher fractions of SOX2+ cells (45.3%
vs 22.9%, P=.002, Figure 3E), OLIG2+ cells (27.9% vs
18.1%, P= .03, Figure 3F), POU3F2+ cells (43.8% vs 24.8%,
P=.03, Figure 3G), and Notch1+ staining area (34.7% vs
9.8%, P=.004, Supplementary Figure 3B) compared to the
patient-matched primary tumors.

Recurrent Tumors Express Higher Levels of
Pleiotrophin (PTN) Which Is Secreted Both by
Tumor Cells and Tumor-Associated Microglia/
Macrophages

In recurrent tumor cells, the genes encoding the heparin-
binding growth factor PTN and its primary receptor PTPRZ1
showed log,-fold changes of 2.99 and 2.86, respectively. PTN
protein expression in P3 xenografts was upregulated in recur-
rent vs primary tumors (3.46% vs 0.95% positive staining area
fraction, P<.001), as was PTN staining intensity (P= .04, Figure
4A and B). Early recurrent patient GBMs had significantly
higher PTN expression compared to the patient-matched pri-
mary tumors (3.80% vs 1.53% positive staining area, P=.04,
Figure 4C). Interestingly, PTN expression was found both in
SOX2+ GSCs and |bal+ tumor-associated microglia/macro-
phages in P3 xenografts (Figure 4D). In recurrent xenograft tu-
mors, a significantly higher fraction of both tumor cells (65.5%
vs 34.7%, P<.001, Figure 4E) and microglia/macrophages
(63.2% vs 17.3%, P<.001, Figure 4E) showed co-localization
with PTN compared to primary tumors. PTN secretion was val-
idated in vitro using 9 different patient-derived GBM spheroid
cultures (Figure 4F), as well as primary human microglia and
SV-40 immortalized microglia cells (Figure 4G). Scratch assays,
applied to mimic the resection procedure, demonstrated that
mechanical stress augmented PTN secretion from microglia in
a time-dependent manner (Figure 4G). PTN secretion from mi-
croglia/macrophages in the post-resection setting in vivo was
validated in nontumor-bearing sham animals undergoing re-
section (Supplementary Figure 4). Expression of the primary
PTN receptor, PTPRZ1, was significantly upregulated in recur-
rent tumors, both in the xenograft model (P=.04, Figure 4H)
and in GBM patients (P=.02, Figure 4l).

PTN Induces Proliferation, Spheroid Growth, and
Self-Renewal In Vitro

The addition of exogenous PTN to 4 different patient-
derived GBM cultures induced significant tumor cell

proliferation (at 10-100 ng/mL) and resulted in increased
spheroid diameters (Figure 5A-D; Supplementary Figure
5). Limiting dilution assays showed that PTN significantly
increased the tumor-initiating cell frequencies (P-values:
T123=0.007; T129=0.036; P3<0.001; T78=0.01; Figure
5E-H). The addition of PTN along with anti-PTN antibody
(0.5 pg/mL) abolished this effect, while the addition of anti-
PTN antibody alone significantly reduced the fraction of
tumor-initiating cells (P-values: P3 =0.01;T78 = 0.03, Figure
5G and H).

PTN Induces the GSC Program in GBM
Tumor Cells

Based on PTN's ability to promote GSCs, we hypothesized
that PTN could have a functional role in the observed
upregulation of tumor cell self-renewal. We investigated
TCGA mRNA data and identified significant positive
correlations between PTN mRNA levels and the ma-
jority of genes in the 28-gene GSC signature (Figure 5I).
STRING analysis showed PTN being connected to the
vast majority of GSC signature proteins through its re-
ceptor PTPRZ1, SOX2, and Notch1 (Supplementary
Figure 6). Functional investigations in vitro confirmed
that exogenous PTN could re-induce expression of SOX2,
POU3F2, and to a lesser extent OLIG2 in tumor cells after
culturing in the absence of growth factors EGF and FGF
(Figure 5J).

High PTN Expression Is Associated With Poor
Overall Patient Survival and Is an Independent
Prognostic Factor

TCGA data showed that high PTN mRNA levels, at opti-
mized dichotomization (PTN mRNA > 11.0), were associ-
ated with significantly shorter overall survival compared to
the PTN low group (P=.03, Figure 5K). These findings were
reproduced in our clinical GBM patient cohort at optimized
dichotomization (PTN fraction > 62%), where patients with
high PTN protein expression lived significantly shorter
than patients with low expression (median survival: 10.4
vs 15.1 months, HR = 1.96, 95%CI 1.09-3.53, P=.002, Figure
5L). Cox regression confirmed high PTN protein expres-
sion as an independent prognostic factor (HR = 1.79, 95%Cl
1.06-3.05, P=.03, Figure 5M).

Single-Cell Transcriptomics Shows the Presence
of Distinct Heterogeneous Cell Populations in
Recurrent Tumors

Single-cell RNA sequencing of 561 cells from primary
tumors resulted in segregation into 5 clusters. Clusters
0-3 represented tumor cells, while cluster 4 repre-
sented microglia/macrophage contamination (Figure
6A and B). The 3705 cells sequenced from recurrent tu-
mors segregated into 10 clusters after data analysis.
Clusters 4 and 9 represented monocyte and microglia/
macrophage contamination, respectively, while the re-
maining clusters represented tumor cells (Figure 6A
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Fig. 5 PTN induces tumor cell proliferation, self-renewal, expression of GSC markers and is associated with poor patient survival. (A-D)
Exogenous PTN induced proliferation after 5-day treatment of all 4 investigated spheroid cultures (n = 12 experiments). Scale = 200 um (P3, T129,
and T78) and 300 um (T123). NS = non-significant. *P < .05, **P < .01, ***P < .001, ****P < .0001. (E-H) Limiting dilution assays with the addition
of exogenous PTN and/or anti-PTN antibody (n = 3 experiments with 24 wells per condition/experiment). Error bars represent 95%Cl. (I) Heatmap
showing correlations between TCGA mRNA levels of PTN, PTPRZ1, NOTCH1, and the 28-gene GSC signature. Red asterisks indicate signifi-
cant correlations with PTN. (J) Representative SOX2, POU3F2, and OLIG2 immunohistochemical staining performed on clotted T78 spheroids, cul-
tured 4 days without EGF/FGF, and additional 48 h with/without exogenous PTN. Scale = 25 um. (K, L) Survival analysis with TCGA PTN mRNA data
and PTN protein levels in a clinical GBM patient cohort, stratified at optimized cutoff. Ticks indicate censored data. (M) Multivariate Cox regres-
sion performed on the patient cohort. Significant P-values are bold. Abbreviations: GBM, glioblastoma; GSC, GBM stem cell; PTN, pleiotrophin.
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Fig. 6 Single-cell transcriptomics of primary and recurrent tumors. (A, B) UMAP plots and heatmaps depicting clustering of tumor cells from
primary and recurrent xenografts. (C) Gene expression overlap between clusters. (D) Single-cell expression levels of selected genes in primary vs
recurrent tumors. (E) Graphical summary of the iatrogenic induction of PTN-mediated self-renewal and proliferation in glioblastoma recurrences.
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and B). Cluster-specific pathway analysis of tumor cells
showed that the different clusters had enrichment of dis-
tinct pathways (Figure 6A). In primary tumors, cluster 0
was dominated by JAK/STAT signaling, clusters 1 and
2 were enriched for ion transport and lipid binding,
while cluster 3 comprised cycling tumor cells. In recur-
rent tumors, cluster 0 was enriched for wound healing,
migration, and angiogenesis pathways. Cluster 1 had
no positive enriched pathways but was negatively en-
riched for glial differentiation and migration. Cluster 2
was characterized by oxidative stress response path-
ways, while clusters 3, 5, and 7 were enriched for cycling
tumor cells. Cluster 6 showed accentuated MAPK and in-
terleukin signaling, whereas cluster 8 was dominated by
Gap junction- and calcium-regulated kinase and phos-
phatase signaling.

Next, we investigated whether gene expression sig-
natures from primary tumors were recapitulated in re-
current tumors (Figure 6C). Gene expression overlap
analysis revealed that genes from cluster 0 in primary
tumors were found at low levels (1.3%-8.6%) in nearly all
clusters in recurrent tumors, while genes expressed in
clusters 1 and 2 in primary tumors were only found in a
subset of clustersin recurrenttumors. Genes from cluster
3 in primary tumors were most commonly expressed in
recurrent tumor cells with overlap ranging from 23%
to 53%, and expression found in clusters 1, 3, 5, 6, and
7. Genes from the microglia/macrophage cluster 4 in pri-
mary tumors overlapped only with monocyte/microglia/
macrophage clusters 4 and 9 in recurrent tumors. Single-
cell RNA expression levels of selected genes accentu-
ated in the bulk mRNA results are depicted in Figure 6D
and validate mRNA upregulation at single-cell resolu-
tion. Interestingly, PTN RNA expression was very low in
microglia/macrophages in primary tumors (cluster 4),
while expression in monocytes/microglia/macrophages
in recurrent tumors (clusters 4 and 9) was moderate/
high, thereby also validating single-cell post-resection
PTN RNA upregulation (Figure 6D). A graphical summary
highlighting the PTN-mediated induction of proliferation
and promotion of GSCs is illustrated in Figure 6E.

Discussion

In this study, we have established a "8F-FET PET/CT-based
preclinical GBM resection model. "®F-FET could not de-
tect the highly diffuse T78 xenografts, despite high tracer
uptake in vitro, while P3 xenografts with moderate tracer
uptake in vitro could be successfully visualized. P3 xeno-
grafts exhibit a combination of solid and infiltrative
tumor growth, thereby closely resembling patient GBMs,
while also having sufficient central tumor mass to be ad-
equately visualized. '8F-FET PET has been used for tumor
imaging in several preclinical GBM models with both
murine- and human-derived cell cultures, and its sensi-
tivity was found slightly superior to bioluminescent im-
aging approaches.?®?’This tracer therefore shows promise
as an alternative imaging modality in preclinical brain
tumor studies, as '®F-FET PET does not require preceding

luciferase transfection of tumor cells necessary for biolu-
minescent imaging approaches.

We found a significant upregulation of several stem cell-
related genes in recurrent tumor cells from the resection
model and validated the upregulation at the protein level
in xenografts and in patient GBMs. Interestingly, SOX2,
POU3F2, and OLIG2, which were all upregulated in re-
current GBMs, have, along with SALL2, been described
as essential neurodevelopmental transcription factors,
which drive GSC propagation.?* It has been proposed that
a subset of GSCs are in a plastic cellular state associated
with an inflammatory wound response,?® and our demon-
stration of a shift from mesenchymal to proneural subtype
fits with this hypothesis. Proneural GSCs predominantly
express markers such as CD133, SOX2, and OLIG2 and
have better capabilities of self-renewal and proliferation,
while simultaneously being less invasive and treatment-
resistant compared to mesenchymal GSCs.? Since sur-
gical tumor resection led to increased expression of these
stem cell markers, the shift toward a proneural GSC phe-
notype seems plausible, and may facilitate better condi-
tions for tumor regrowth. Intriguingly, these cells maintain
GSC plasticity, and adjuvant intervention with TMZ can
trigger a switch back toward more resistant phenotypes.®°
Given the intrinsic resistance of GSCs toward conventional
therapy with radio- and chemotherapy?' and with recurrent
GSCs further augmenting this resistance,®? our results indi-
cate that tumor resection and the subsequent enrichment
of the GSC population contribute to therapeutic resistance.
The presence of several distinct cell clusters in recurrent
tumors, only partially overlapping with primary tumors,
suggests the occurrence of phenotypic branching, facili-
tated by surgery alone. Recurrent tumors had cell clusters
enriched for wound healing and decreased differentia-
tion, respectively. This may imply the presence of different
GSC populations in recurrent tumors, driven by injury re-
sponse- and developmental programs, respectively, as de-
scribed by Richards et al,?® and suggests that surgical GBM
resection can contribute to GSC heterogeneity.

The increase of GSCs in recurrent tumors might be
explained by an increase in PTN secretion. Our results
showed that PTN could increase tumor cell self-renewal,
while PTN inhibition decreased self-renewal. Furthermore,
PTN induced expression of GSC markers in vitro, indicating
that the increased PTN secretion in recurrent tumors can
promote the stem cell program. Further supporting a role
of PTN as a stem cell regulator, PTN expression has been
linked to increases of cancer stem cells in lymphomas3?
and chronic myeloid leukemia,®* and described as a reg-
ulator of hematopoietic stem cell maintenance.3® PTN fur-
ther induced tumor cell proliferation, which is mediated by
several downstream signaling pathways; The PTN-PTPRZ1
axis induces proliferation through p-catenin, PI3K-Akt-
mTOR, and Ras-Raf-MEK-ERK signaling, while the PTN-
ALK axis further promotes proliferation through the JAK/
STAT signaling pathway.

Tumor-associated macrophages in GBMs have previ-
ously been shown to secrete PTN.36 Our finding of PTN se-
cretion also occurring directly by tumor cells, supplement
this knowledge to suggest that PTN acts through a com-
bined autocrine and paracrine signaling mechanism where
tumor cells and the tumor microenvironment synergize to
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influence tumor cell behavior and induce GSCs. Of major
importance, we found high levels of PTN and PTPRZ1
present in all recurrent tumor cell clusters, which empha-
sizes these markers as promising targets in GBM.

As shown by Okolie et al,”” GBM tumor resection acti-
vates astrocytes to promote tumor cell proliferation and mi-
gration. Recently, tumor resection has been demonstrated
to induce systemic immune suppression in a preclinical
syngeneic GBM model,'? thereby further expanding the
biological implications of GBM resection. Surgical tumor
resection must therefore be considered as a double-edged
sword in GBM therapy; resection is a necessity to relieve
symptoms associated with tumor burden and to improve
patient survival, but simultaneously tumor resection also
induces tumor-promoting activation of the tumor micro-
environment®” and directly promotes GSC propagation.
Our resection model is an important step toward more ad-
vanced preclinical models of GBM. We have successfully re-
capitulated and investigated the isolated effect of surgical
tumor resection. Parallels regarding the impact of resection
on tumor biology may be drawn between our model and
GBM patients, as conditions closely resemble each other
during the time window from tumor resection until the
onset of adjuvant therapy. Currently, the resection model
does not fully resemble the entire treatment regimen
offered to GBM patients. Future work should therefore aim
to further refine the resection model to also include adju-
vant therapies such as radio- and/or chemotherapy.

In conclusion, we showed that recurrent tumors from our
resection model were enriched for GSCs, and importantly
these findings could be validated in early recurrent patient
GBMs. Mechanistically, PTN induced tumor cell prolifer-
ation, self-renewal, and expression of GSC markers, and
PTN was a significant independent prognostic factor in a
clinical GBM cohort. We have revealed novel insights into
the biological implications of surgical GBM resection and
propose that surgical intervention per se is an iatrogenic
driver of GSC enrichment in GBMs.
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Supplementary material is available at Neuro-Oncology
online.
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