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Abstract: Glioblastoma is an aggressive brain tumour with a patient median survival of approximately
14 months. The development of innovative treatment strategies to increase the life span and quality
of life of patients is hence essential. This requires the use of appropriate glioblastoma models for
preclinical testing, which faithfully reflect human cancers. The aim of this study was to establish
glioblastoma patient-derived xenografts (PDXs) by heterotopic transplantation of tumour pieces in
the axillae of NMRI nude mice. Ten out of 22 patients’ samples gave rise to tumours in mice. Their
human origin was confirmed by microsatellite analyses, though minor changes were observed. The
glioblastoma nature of the PDXs was corroborated by pathological evaluation. Latency times spanned
from 48.5 to 370.5 days in the first generation. Growth curve analyses revealed an increase in the
growth rate with increasing passages. The methylation status of the MGMT promoter in the primary
material was maintained in the PDXs. However, a trend towards a more methylated pattern could
be found. A correlation was observed between the take in mice and the proportion of Sox2+ cells
(r = 0.49, p = 0.016) and nestin+ cells (r = 0.55, p = 0.007). Our results show that many PDXs maintain
key features of the patients’ samples they derive from. They could thus be used as preclinical models
to test new therapies and biomarkers.

Keywords: patient-derived xenografts; preclinical models; cancer stem cell markers; glioblastoma;
growth data
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1. Introduction

Worldwide, approximately 300,000 new cases of malignant tumours in the brain and nervous
system were diagnosed in 2018, representing 1.6% of all cancers [1]. Among the tumours of the central
nervous system, glioblastoma is the most common (49%) malignancy according to the World Health
Organisation. Glioblastoma are grade IV tumours and are characterised by a highly aggressive and
invasive phenotype, resulting in a very low 5-year survival of 6% [2]. The standard treatment for
glioblastoma patients (Stupp regime) consists of surgery, radiotherapy (RT) and concurrent followed by
adjuvant temozolomide [3,4]. The alkylating agent temozolomide in combination with RT was shown
to prolong survival and increase median survival to 14.6 months, in comparison to 12.1 months with RT
alone [3,5]. (Hyper-)methylation of the MGMT promoter (O6-Methylguanin DNA-Methyltransferase),
a gene encoding a DNA repair protein removing alkyl adducts, constitutes a favourable factor in
glioblastoma response to temozolomide [6]. However, most patients are currently treated according to
the Stupp regime in the absence of alternative treatment options.

Resistance to treatment and tumour development have been attributed to a subpopulation of
cancer stem cells (CSC), which are able to proliferate and reconstitute the heterogeneity of the tumour
mass [7–10]. Different markers have been described and have been associated with the stemness ability
of the cells [11]. Among these markers, Sox2 is a transcription factor expressed in embryonic stem cells
and in proliferative regions of the adult brain. It was shown to be overexpressed in glioblastoma, and
studies suggest Sox2 as a prognostic factor for glioblastoma [12]. The class VI intermediate filament
nestin is also discussed as an overexpressed cancer stem cell marker in glioblastoma [13]. However,
nestin is also present in endothelial cells. CD95 is involved in apoptosis as well as the invasive
phenotype of glioblastoma cells and was shown to be a prognostic factor in glioblastoma, as well as a
biomarker for stem cell ability [14,15].

The prognosis for glioblastoma patients is particularly poor, which emphasises the need for a
better understanding of the pathogenesis of glioblastoma, along with the development and validation
of new treatment strategies.

For that purpose, mouse preclinical models are of major relevance. In glioblastoma, heterotopic
and orthotopic tumour models originating from established cell cultures and from patients’ samples
have been described [16–18]. Cell-line-derived xenografts (CDXs) have been proposed as preclinical
models for glioblastoma. However, two main limitations arise from them. (1) their response to therapy
might not mirror the clinical situation. In radiotherapy, glioblastoma CDXs have been reported to show
a lower radioresistance in comparison to the clinical situation [19,20]. (2) glioblastoma are characterised
by a high intra-tumoural heterogeneity [21], which is likely not recapitulated in the monoclonal CDXs.

Patient-derived xenografts (PDXs) have been shown to resemble human tumours, which suggests
them as appropriate models for preclinical studies (reviewed in [22]).

In the present study, we aimed at generating a panel of glioblastoma PDX models to test
new therapies in combination with RT. Resemblance with patient material was directly assessed by
histopathological analyses, immunohistochemical analyses of putative cancer stem cell (CSC) markers
and methylation-specific PCR of the MGMT promoter (MSP).

2. Results

2.1. Presentation of the Patients’ Cohort

Twenty-two patients diagnosed with primary glioblastoma were recruited for this study (50%
female and 50% male), with informed consent. Their age ranged from 53 to 85 years at diagnosis
(Table 1). The methylation of the MGMT promoter was assessed as part of the routine pathological
work-up: 45.5% of the tumours were categorised as MGMT-methylated, while 54.5 % were stated
as non-methylated.
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Table 1. Patient cohort for the glioblastoma patient-derived xenograft (PDX) study. 1

Cohort ID Gender Age Methylation Status Tumour Location

DK26 f 67 methylated frontal
DK27 f 72 methylated frontal
DK28 f 74 unmethylated parieto-occipital
DK29 f 66 unmethylated multi-ocular/fronto-parietal
DK30 m 57 methylated opercular
DK32 m 66 unmethylated parieto-occipital
DK33 f 73 methylated frontal-temporal
DK34 f 82 methylated parieto-occipital
DK35 f 75 unmethylated parieto-occipital
DK36 m 85 unmethylated frontal
DK37 m 79 unmethylated temporal lobe
DK38 m 73 unmethylated frontal
DK39 m 63 methylated parieto-temporal to occipital
DK40 f 74 methylated frontal lobe
DK41 m 53 unmethylated frontal lobe
DK42 m 71 unmethylated frontal lobe
DK45 m 79 unmethylated temporal-occipital
DK51 m 67 methylated frontal lobe
DK54 f 78 unmethylated temporo-parietal
DK60 m 76 unmethylated temporo-parietal
DK63 f 76 methylated frontal
DK77 f 83 methylated temporal-occipital

1. Clinical information were obtained from the RadPlanBio database [23]. m: male (50%), f: female (50%). Methylation
status corresponds to the methylation status of the MGMT promoter. Mean age: 72.2 years old. All patients were
diagnosed with primary glioblastoma.

2.2. Take Rate in Nude Mouse and Tumour Measurements

To preserve tumoural architecture and microenvironment, samples were transplanted as tumour
chunks on the nude mice. A total of 10 out of the 22 samples transplanted resulted in at least one
growing tumour in the nude mouse, which corresponds to a take rate of 46%. For each specimen, 5 to
10 samples were transplanted with a success rate ranging from 10% to 70% (Table 2).

Table 2. Tumour take proportion of the primary material in the nude mice. 2

Experiment Take Proportion Number of Passages

DK26 7/10 3
DK28 2/10 1
DK29 7/10 5
DK30 2/10 2
DK32 1/10 1
DK33 7/10 3
DK35 1/5 2
DK39 5/10 3
DK41 5/10 1
DK42 3/10 1

2. Tumour samples were transplanted to the axillae of five NMRI nude mice with 1–2 transplantation sites/mouse
depending on the amount of primary material. Mice were monitored weekly and tumours were measured with a
calliper. Growing tumours were excised and further transplanted to a mouse cohort to perpetuate the model. The
take proportion indicates the number of growing tumours per transplantation site. Multiple tumours growing per
transplantation site were not considered for the calculation of the take rate. The take rate at the different passages is
shown in supplementary Table S1.

Tumours were passaged up to five times to establish a tumour line (Figure 1). The take rate at
the subsequent passages are presented in supplementary Table S1. Microsatellite analysis confirmed
the human origin of the tumours, though minor changes (loss of heterozygosity, imbalance) could be
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observed in all models (Figure S1). The latency time to observe a growing tumour ranged from 48.5
days to 370.5 days with a mean of 147 days (Figure 2A). In many cases, a decrease in the latency times
could be observed in the subsequent passages, underlining a potential increase in the aggressiveness
of the tumour and a better adaptation to the murine host (Figure 3). The average volume doubling
time (VDT) was estimated to be 15 days, with values ranging from 4 days in DK33 to 44 days in DK29
(Figure 2B).
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Figure 1. Experimental design for the establishment. Patients’ samples were obtained from the
neurosurgery department of the Medical Faculty and University Hospital Carl Gustav Carus, Dresden,
Germany. Blood and necrotic tissue were removed from the sample, and tumour chunks were prepared
for transplantation. One sample was transplanted into each axilla of the mouse. Growing tumours were
excised and (1) conserved for further transplantation (cryopreservation and direct transplantation);
(2) stored in liquid nitrogen for e.g., DNA isolation; (3) FFPE fixed for e.g., histological analysis.
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Figure 2. Growth parameters in the first-generation glioblastoma PDXs. (A) The latency time is defined
as the time after transplantation until observation of a 40 mm3 tumour. (B) The volume doubling time
(VDT) was estimated for each first-generation PDX; the mean value is represented for each model. The
latency time and the VDT correlate (r = 0.67, p < 0.0001). Models are sorted by increasing mean latency
times. Each symbol represents a PDX in the respective model. DK35: data not available as the tumour
did not reach the required size for calculation.

A decrease in the VDT could be observed in subsequent passages, resonating with the observations
on latency times (Figure 3). A significant correlation (Spearman) was observed between the VDT and
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the latency time (r = 0.67, p < 0.0001). These data suggest that, in some cases, the tumours in the next
generation grow faster than in the first passage.

To test this hypothesis, cumulative growth curves were calculated according to [24] (Figure 4,
Figure S2). The lineage of the tumours was recorded, and one growth curve was established from
all the tumours at the different passages. Linear and quadratic models were fitted and compared
(Figure 4C). The significantly decreasing AIC (Akaike Information Criterion) values for the quadratic
models suggests that the growth rate increases with time.

1 
 

 

Figure 3. Volume doubling time and latency time in the subsequent passages. For each passage,
the VDT was compared with the VDT of the first passage and the previous passage. The y-axis scales
are different. Comparisons were performed with the Mann–Whitney test n.s. non-significant; * p < 0.05;
**: p < 0.01; ***: p < 0.001.
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Figure 4. Figure 4. The growth rate of the PDXs increases over time. (A) Cumulative growth curve in DK29,

which was serially transplanted for five passages. (B) Cumulative growth curve in DK33, which was
serially transplanted for three passages. The linear and quadratic model fits are represented as dotted
lines. Each dot represents a tumour measurement of a growing tumour. Blue: passage one; red: passage
two; green: passage three; yellow: passage four; pink: passage five. (C) Results of the ANOVA analysis,
which was used to compare the two models (linear and quadratic) with R. AIC: Akaike Information
Criterion. The model with the lowest AIC is considered the best-fitting model.

2.3. Histology and Putative Stem Cell Markers

Neuropathological evaluation confirmed (a) the glioblastoma nature of the tumours grown in
mice and (b) a high similarity between the primary sample and the first-generation PDX in most
models. PDXs conserve characteristic pathological features of glioblastoma, namely cell pleomorphism,
a high cell density, endothelial hyperproliferation and pseudopalisading (Figure 5, Figure S3). Besides,
PDXs present a high proportion of tumour cells in comparison to immune cells, endothelial cells and
connective tissue (Figure S4).
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According to the CSC hypothesis, the uncontrolled proliferation of a subpopulation of cells with
stem cell abilities leads to the development of tumours. It was hypothesised that the ability of the
tumour samples to grow in the mice was linked to the amount of CSC in the primary material. To
test this hypothesis, the expression of Sox2, nestin, and CD95 was assessed in the patient material
(Figure 6). In the primary material, Sox2 showed a wide range of expression levels with 80% positive
cells in DK29 and negative samples in DK50. As for nestin, a high staining intensity was found in
all the samples, with proportions of positive cells ranging from 15% to 95%. A moderate correlation
(Spearman) was found between the proportion of Sox2+ (r = 0.49, p = 0.016) and nestin+ cells (r = 0.55,
p = 0.007) and the take in mice. The expression of CD95, however, was low with 13 out of 22 samples
positive and positivity levels not exceeding 60%. Its expression was not statistically associated with
the take in mice. The first generation of xenografts were stained for the same markers to assess the
degree of similarities between the primary material and the PDXs (Figure 7). Generally, the expression
of Sox2 and nestin was conserved in the PDXs. However, DK29 and DK41 showed few discrepancies
comparing the original material and the PDXs (Figure 7, Figure S5). This observation suggests a certain
heterogeneity in the obtained models, which might be of interest when testing new therapeutics. The
expression of CD95 was also low in the PDXs (Figure S6).
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Figure 6 

Figure 6. Putative cancer stem cell markers in the patient material. (A) The stainings were evaluated
by two independent observers. (B) The proportion of positive cells (0–100%) and the intensity of the
staining (0–3) were assessed (negative: intensity score 0, white: intensity score 1, grey: intensity score 2,
black: intensity score 3). (C) Association between the proportion of positive cells and the take in the
first generation were analysed; results (p-value and coefficient of correlation (Spearman)) are presented
in the graph.
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Figure 7 
Figure 7. Comparison of the putative cancer stem cell markers in the patients’ samples and in the
first-generation PDXs. The stainings were evaluated by two independent observers. The proportion
of positive cells (0–100%) and the intensity of the staining (1–3) were assessed (white: intensity score
1, grey: intensity score 2, black: intensity score 3). (A) Immunohistochemistry images (Sox2, nestin,
CD95) for two representative patients’ samples (DK39 and DK33) and their respective PDXs. (B) Bar
graphs presenting the proportion of positive cells and the intensity of staining in the patients’ samples
and the derived PDXs in DK29, DK33, and DK39.

2.4. Methylation of the MGMT Promoter

The methylation status of the MGMT promoter was analysed in the primary material and in the
PDXs by methylation-specific (MSP) (Figure 8A). Qualitative analyses revealed that 17 samples present
evidence of methylation on the MGMT promoter, with the exception of DK29, DK30, DK32, DK42,
and DK54. These results do not completely match the information from clinical testing, which may
potentially be attributed to the different method used to assess methylation (sensitivity and threshold)
and the intra-tumoural heterogeneity of the samples used for analysis. No statistical association
between the methylation status of the MGMT promoter (clinical information) and observed tumour
take in mice was found. The patient material and the PDXs were classified as unmethylated, weakly
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methylated and strongly methylated (Figure 8B). A shift towards a higher methylation status was
detected in four tumour lines (DK26, DK30, DK39, DK42) (Figure 8B). In four cases (DK28, DK32, DK35,
DK41), the methylation status was conserved in all the PDXs. Finally, in two cases (DK29 and DK33), a
heterogeneity in the different PDXs deriving from the same material was detected: while some PDXs
maintained the same pattern as the primary material (DK29 unmethylated, DK33 weakly methylated),
others showed a higher methylation status. The methylation status did not decrease in the PDXs.
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gel with methylation-specific PCR (MSP). Blue square: fragment resulting from the amplification of a
methylated template (M); red square: fragment resulting from the amplification of an unmethylated
template (U). (B) Summary table of the semi-quantitative analysis of the MSP. For each sample, the M/U
ratio was calculated. Samples were classified as unmethylated (M = 0), weakly methylated (0 <M/U< 1),
and strongly methylated (M/U > 1). Samples with U = 0 were considered methylated.
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3. Discussion

Glioblastoma is associated with a poor survival, attributed to the low sensitivity to current
treatment. To develop new therapies and increase the survival rates, a better understanding of the
particular tumour biology of glioblastoma is essential. This requires the development of suitable
glioblastoma tumour models that properly reflect the aggressiveness of glioblastoma observed in the
clinics and recapitulate the key characteristics of the disease.

In the present study, we describe the successful engraftment of glioblastoma samples to nude mice,
to generate heterotopic PDXs. Other studies reported successful take rates of 22–26% for glioblastoma
in nude mice [25,26]. In our study, the subcutaneous heterotopic transplantation of tumour chunks on
NMRI nude mice yielded 46% success. However, we observed inter-patient variation of 10–70% take for
the primary material. This could be attributed to the heterogeneous nature of glioblastoma, representing
different amounts of cancer-initiating cells and abilities to proliferate. It was previously reported
that within the same glioblastoma tumour, differences in the resulting model such as tumourigenicity
could be observed depending on the site where the tumour was harvested (e.g., rim, center) [27]. In
our study, no information on the exact location of the tumour chunk was available. The differences
in growth properties can be attributed to cell viability, necrotic area and CSC population. Tumour
samples were indeed transplanted as pieces, whose composition is likely heterogeneous, without prior
cell dissociation to maintain the architecture of the tissue. In contrast, the use of cell suspension and
cell dissociation leads to the disruption of interactions between cells, which might affect engraftment
success of the sample ([28]; reviewed in [29,30]).

Tumour samples were subcutaneously transplanted to the axillae of the mice, which corresponded
to a non-natural microenvironment for the tumour. The brain tumours’ microenvironment was shown
to be complex and encompassed various cell types (e.g., endothelial cells, immune cells such as
macrophages) as well as cross talks with brain cells (neurons, astrocytes) (reviewed in [31]). Orthotopic
transplantation of glioblastoma cell suspension provides a microenvironment which closely resembles
the human situation. They were shown to retain glioblastoma properties [18]. However, their
establishment is labour intensive, as it requires microsurgery and imaging modalities such as MRI to
follow tumour growth. As a consequence, less mice can be handled in an experiment. Furthermore, the
growing tumours need to be excised at low tumour diameter upon neurological symptoms to ensure
minimal burden to the animal, and mice must be sacrificed. Nevertheless, they can be highly relevant
to test therapies which target processes such as migration and the invasion potential of glioblastoma.
In our study, the samples were transplanted heterotopically, which enables easy monitoring and access
to the tumour notably for radiotherapy experiments, high numbers of transplanted animals in parallel
and sufficient tumour material for the establishment of models. In this study, PDX tumours were also
cryopreserved in DMSO-containing medium, to be thawed and re-engrafted for future experiments.
Besides the nature of cryoprotectant, different factors can influence the recovery of tumour growth
after cryopreservation, such as the time lapse between removal of the sample from blood supply
and cryopreservation, presence of necrotic tissue in the sample, the size of the frozen sample and
its preservation, and the washing off of cryoprotectant before re-engraftment [32]. Studies about the
transplantation of tumour samples after cryopreservation report different recovery rate of PDXs after
cryopreservation (22% [26] (glioblastoma); 50% [33] (lung cancer), 100% [34] (liver metastases of uveal
melanoma)). Additionally, Kageyama et al. showed that PDXs derived from frozen tissue maintained
copy number variation (CNV) and proteomic profiles, but presented slower growth compared to the
transplantation of fresh tissues.

Subpopulations of CSC have been described in glioblastoma and are characterised by the
expression of different markers ([7,8]; reviewed in [35]). Here, the expression patterns of three CSC
markers (Sox2, nestin, CD95) were investigated in the primary patient materials and in PDXs. The
proportion of cells expressing Sox2 spans from 0% to 75%. This observation is consistent with previous
reports [36,37], which showed that the expression of Sox2 was not limited to a small subset of cells
but was more widespread in the tumour [37]. Sox2 is reported to be involved in the regulation of



Cancers 2020, 12, 871 12 of 20

genes associated with malignancy and the maintenance of cell plasticity. Besides, we found a moderate
correlation between the proportion of Sox2+ cells and tumour take in mice, pinpointing an association
between Sox2 expression and tumourigenicity of transplants. In first-generation PDXs, the expression
of Sox2 is maintained and appears to recapitulate the pattern observed in the patient samples. Further,
a high proportion of nestin+ cells was observed in the primary material, which is consistent with other
reports [13,38,39]. A moderate positive correlation between the proportion of positive cells and the
engraftment in the mice was observed. The prognostic value of nestin is controversial [40]. It was
found to be associated with the malignancy of gliomas [38], while others failed to show any correlation
between nestin expression and the prognosis in glioblastoma [41]. The nestin expression pattern is
conserved in PDXs and >60% cells were positive in all the PDXs. This observation suggests that PDXs
might be enriched in cancer-initiating cells, which might explain their ability to grow in the host and to
be perpetuated over several generations. Similar expression patterns in primary patient samples and
PDXs also point towards a possible function of the filament protein nestin in engraftment. Although
the functional role of nestin in malignancy is poorly understood [39], a study in glioblastoma cell lines
suggests a role for nestin in tumourigenesis [42].

In contrast to Sox2 and nestin, the expression of CD95 was low in the cohort. Thirteen primary
samples were positive for CD95. The proportion of positive cells was <60%. For the PDXs, only five
models expressed this marker. No correlation with the take rate was found and the function of CD95
as a CSC marker of glioblastoma appears questionable. Other markers (e.g., CD133, CD44) have
been shown to be associated with stem cell ability in glioblastoma (reviewed in [35]), and it would be
interesting to evaluate their expression patterns in PDXs.

Microsatellite analysis corroborated that the PDXs originated from the transplanted material,
although minor changes, such as loss of heterozygosity and imbalance could be observed. Other
studies described genetic modifications (e.g., gene amplification, gain/loss of mutation) in early passage
PDXs in comparison to the patients’ samples [26,43], despite a high similarity. Some changes might be
occurring de novo, or they might reflect selection of pre-existing subpopulations during transplantation.

The latency time for tumour growth exceeds 1.5 months. This precludes the use of these models
to test therapies for a specific patient and provide real time treatment recommendation. However, the
models could be used to study alternative therapies in comparison to standard treatments and might
help in the future to guide more personalised treatment decisions. They could hence be used to test the
efficiency of new drugs, combined treatments or sensitising agents (e.g., radiotherapy, chemotherapy,
inhibitors). For this purpose, these models could be transplanted orthotopically, to account for the
blood–brain barrier, which despite being disrupted in gliomas, might limit efficiency of therapeutic
molecules (reviewed in [44,45]). For radiotherapy experiments, it would be interesting to evaluate their
response to ionising radiation by performing tumour control dose 50 experiments [46,47]. Additionally,
these models could be used for discovery and validation of biomarkers for radiotherapy efficiency,
which are essential to stratify patients and allow treatment individualisation [18,48,49].

In the subsequent passages, a significant reduction of the latency times and VDT was observed.
Cumulative growth curves were established for the tumour lines that had been passaged more than
twice. In all the cases, the linear quadratic model fitted the data better than the linear model. This
suggests that the growth rate of glioblastoma PDXs increases with the passages in glioblastoma,
which is in line with other studies [24]. Altogether, these results suggest a better adaptation to
the murine host, a potentially higher aggressiveness and clonal selection process of the tumour in
subsequent models, which might be associated with a higher divergence from the human tumour.
Nonetheless, histological observation confirms that tumours of higher passages conserve glioblastoma
features. The genome of PDXs was shown to be representative of primary human tumours [18,50,51].
Gene expression analyses also indicate a high similarity between PDXs and the patient sample they
derive from [48,50,52]. Additionally, a recent study by whole-exome sequencing in glioblastoma and
their parent tumours showed that most genetic driver mutations are conserved in PDXs, although
gain and loss were also observed, indicating potential clonal selection [53]. It can be speculated
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that with increasing passage, the number of genetic and transcriptomic alterations will increase in
the specific mouse microenvironment. Although some studies indicate that PDXs conserve a stable
genome, proteome, and transcriptome over passaging [50,54–56], data pointing towards a shift from
the original primary tumour upon xenografting have been reported (copy number alterations, [51,57]).
Interestingly, it was found that copy number alterations in brain tumours are the most stable among the
tested 1100 PDXs across 24 cancer entities [51]. Drift from the original tumour can notably be attributed
to the lack of human stromal component, which is replaced by murine cells [52,55]. Further genetic
and epigenetic analyses are however needed to elucidate the question of glioblastoma heterogeneity
and adaptation to the host.

The methylation status of the MGMT promoter was investigated in the patients’ samples and in
the PDXs by MSP. In the PDXs, a methylation profile comparable to the respective primary patients’
samples was observed. However, a trend towards a more methylated profile can be observed in 52.5%
of the samples. This suggests a different clonal selection upon engraftment potentially associated with
different CSC populations. The hypermethylation process might also potentially be attributed to the
new microenvironment. Hypermethylation has also been observed in cell lines and was attributed to
an active epigenetic change due to the culture conditions [58–60].

4. Materials and Methods

4.1. Human Tumour Samples

The generation of experimental tumour models from patient material has been approved by the
local ethics committee (EK152052013, EK3231122008). Glioblastoma specimens were obtained after
resection from the Department of Neurosurgery, Faculty of Medicine and University Hospital Carl
Gustav Carus, Technische Universität Dresden, Germany with patients’ written informed consent.
Patients recruited for this study did not receive any treatment before surgery. Patient’ characteristics
are presented in Table 1.

A pseudonym was attributed to each patient and clinical information was collected in the
RadPlanBio database [23] for long term follow-up.

After receipt in DMEM (Dulbecco’s modified Eagle’s medium, Biochrom GmbH, Berlin, Germany),
the material was processed within an hour under a laminar flow (removal of necrotic tissue and blood).
The tissue was rinsed in NaCl (NaCl, Fresenius Kabi, Germany GmbH), and cut into small pieces for
transplantation in the mice.

4.2. Animals

Seven to fourteen-week-old male and female NMRI (nu/nu) mice were used. The mice were
maintained in a pathogen-free animal breeding facility (OncoRay, Medical Faculty Carl Gustav Carus,
Technische Universität Dresden, Germany) with a cycle of 12 h of light and 12h of dark and were
fed ad libitum. The animal facilities and the experiments were approved according to institutional
guidelines and German animal welfare regulations (AZ 24-9168.11-1/2012-52 “Establishment of tumour
models from patients’ biopsies for experimental radiation biology and radiooncological evaluation in
animal models”). For further immunosuppression, the animals received whole-body irradiation with 4
Gy 1–4 days prior to tumour transplantations. All irradiations were performed with 200 kV X-rays
(Isovolt 320/13, Seifert, Ahrensdorf, Germany; 20 mA; 0.5 mm Cu filter; dose rate 1 Gy/min). After the
whole-body irradiation, antibiotics were added to the drinking water for 5 days to prevent infection.
The design of the study is presented in Figure 1. Patient-derived material was transplanted in the
axillae of 5–10 mice depending on the amount of material provided. Due to the soft tissue texture of
glioblastoma, the transplantation of one tumour piece could result in the growth of several tumours at
one transplantation site. Only the largest nodule was analysed for take rate, latency times and growth.
The smaller nodules were however excised and analysed when the material was sufficient. Tumour
growth was monitored weekly with a calliper. PDX tumours were excised without treatment when
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they were closed to reaching end size (200 mm3) or when the mice showed worsening health conditions.
First-generation PDXs were formalin-fixed and paraffin-embedded for histology, flash-frozen for DNA
isolation, cut in pieces for further transplantation, and cryopreserved in DMEM (10% DMSO) for future
transplantation. PDXs were passaged and maintained on 1 to 5 generations. Tumour samples were
placed in a freezing container at −80 ◦C for a controlled cooling rate of −1 ◦C/minute and subsequently
kept in liquid nitrogen for long term storage.

4.3. Stainings

4.3.1. Hematoxylin and Eosin

Tumour samples were fixed in formalin (4% formaldehyde solution, neutral, buffered, SAV liquid
production GmbH, Flintsbach am Inn, Germany) and embedded in paraffin (Engelbrecht GmbH,
Edermünde, Germany). FFPE sections of 3 µm were cut, rehydrated and hematoxylin and eosin (H&E)
stainings were performed (SAV liquid production GmbH, Flintsbach am Inn, Germany). The H&E
sections were observed and analysed by an experienced neuropathologist (MM).

4.3.2. Putative Cancer Stem Cell Markers

Tissue sections underwent an antigen retrieval step which was performed in a citrate buffer
(pH 6) for nestin and in Tris/EDTA at 630 watts for Sox2 and CD95. After the unmasking step, the
slides were left to cool down on ice for 20 min. For nestin, the Dako Envision+ system HRP rabbit
kit (Dako) was used. In brief, after a blocking step of 10 min, the sections were incubated for 1 h
with the antibody (Abcam ab176571, Cambridge, UK, 1.459 mg/mL, dilution 1:1000). After washing,
the peroxidase-labelled polymer conjugated to goat anti-rabbit immunoglobulin was added for 30 min.
Subsequently, the sections were incubated with DAB for 1 min and counterstained with hematoxylin
(Merck). Finally, the samples were dehydrated in a series of increasing ethanol concentrations and the
slides were mounted with Entallan (Merck, KGaA, Darmstadt, Germany). For Sox2 and CD95, the Dako
Envision kit HRP rabbit was used. After a blocking step of 10 min, the sections were incubated for 1
h with the antibody (CD95: Cell Signaling Technologies 4233 S, Leiden, Netherlands, dilution 1:500;
Sox2: Abcam ab133337, 0.108 mg/mL, dilution 1:250). After washing, the peroxidase-labelled polymer
conjugated to goat anti-rabbit immunoglobulin was added for 30 min. Subsequently, the sections
were incubated with DAB for 10 min and counterstained with hematoxylin (Merck). Finally, the
samples were dehydrated in a series of increasing ethanol concentrations and the slides were mounted
with Entallan (Merck, KGaA, Darmstadt, Germany). The Axioplan microscope (Zeiss, Germany) was
used to observe the putative CSC markers’ stainings. The sections were visually inspected by two
independent observers (SM, AL) to avoid subjective bias. The intensity of the staining was assessed,
and a score ranging from 0 (negative) to 3 was attributed. The percentage of positivity in the tumour
(0–100%) was evaluated.

4.4. DNA Isolation

Genomic DNA was extracted from 15–25 mg of fresh frozen tissue with the QIAamp DNA Tissue
and Blood kit (Qiagen GmbH, Hilden, Germany) following the manufacturer´s protocol. In brief,
the tissue was digested overnight at 56 ◦C with proteinase K. Then, ethanol and buffer AL were added
to the solutions, and the mix was applied to the columns. After washing and drying, the DNA was
eluted in 50–150 µL of elution buffer.

4.5. Microsatellite Analysis

Microsatellite analyses were performed with isolated DNA to verify the human origin of the
xenogafts by the Institute for Legal Medicine of the Faculty of Medicine and University Hospital Carl
Gustav Carus, Dresden (SH). After PCR amplification, 16 loci were analysed (D3S1358, vWA, D16S539,
D2S1338, D8S1179, D21S11, D18S51, D19S433, TH01, FGA, D1S1656, D12S391, D10S1248, D22S1045,
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D2S441, the gender determination locus Amelogenin) with the ESSPlex kit (Qiagen) or the NGM kit
(Thermofischer) according to the manufacturer’s instructions. The PCR products were analysed on
ABI Prism®310 or 3500 Genetic Analyzer using the GeneMapper ID-X software (Applied Biosystems,
Foster City, CA, USA).

4.6. Methylation Specific PCR

DNA isolated from fresh frozen tissue was converted with bisulfite using the Qiagen bisulfite
conversion kit (Qiagen GmbH). For each sample, 500 ng of DNA was used for the conversion, along
with water, bisulfite solution, and DNA protect buffer. The conversion was performed in a thermal
cycler with the following conditions: 95 ◦C for 5 min, 60 ◦C for 20 min, 95 ◦C for 5 min, 60 ◦C for 20
min, 20 ◦C (hold) (1 cycle). The concentration of DNA was measured with the Qubit single-strand
DNA protocol and the Qubit fluorometer (Invitrogen).

The used primers were designed according to [61,62]: 5’-TTTCGACGTTCGTAGGTTTTCGC-3’
(forward primer) and 5’-GCACTCTTCCGAAAACGAAACG-3’ (reverse primer) for methylated
template detection (product length 81 bp) and 5’- TTTGTGTTTTGATGTTTGTAGGTTTTTGT-3’
(forward primer) and 5’-AACTCCACACTCTTCCAAAAACAAAACA-3’ (reverse primer) for
unmethylated template detection (product length 93 bp) in the MGMT promoter. For the PCR,
150 ng of converted DNA was used. The following programme was used for the PCR: enzyme
activation: 95 ◦C for 10 min; 40 cycles: 94 ◦C for 15 sec, 53 ◦C for 30 sec, 72 ◦C for 30 sec; finally, 72
◦C for 10 min. For each PCR run, four controls provided by the manufacturer were used: converted
methylated DNA, unmethylated DNA, genomic DNA, and a water control. PCR products were run on
2% agarose gel containing RedSafe staining solution (Intron Biotechnology, Kirkland, USA) to detect
the DNA. The analysis was performed with ImageJ (Rasband, W.S., ImageJ, U. S. National Institutes of
Health, Bethesda, Maryland, USA, https://imagej.nih.gov/ij/, 1997–2018) according to [61]. The optical
signal for the detection of the methylated product (M) and unmethylated product (U) were quantified:
Samples with M/U > 1 were considered to have a strongly methylated MGMT promoter; 0 <M/U<

1 were considered weakly methylated; and M/U = 0 unmethylated. In the case of all DK26 PDXs,
DK33.4b and DK33.5, there was no amplification and signal for the non-methylation-specific PCR
(U = 0); they were considered methylated.

4.7. Tumour Volume

To assess the tumour volumes, the length L (longest axis of the tumour) and the width W
(perpendicular axis to the length) were measured weekly with a calliper (mm). Tumour volumes were
calculated according to the ellipsoid volume formula (reviewed in [63]):

Volume =
π
6
∗ L ∗W2 (1)

The volume doubling time was estimated in the exponential growth phase. The latency time was
defined as the time necessary to reach a tumour of 40 mm3 and calculated accordingly. In the models that
were passaged for at least three generations, the cumulative growth curves were established according
to [24]. The nlme package in R (R Foundation for Statistical Computing, Vienna, Austria, version 3.3.2)
was used. Linear and quadratic models were fitted to the growth curves, and the coefficient were
compared by an ANOVA procedure. The model with the lowest AIC (Akaike Information Criterion)
was considered to be the best fit.

4.8. Statistical Analyses

Statistical analyses were performed with Excel (Microsoft, version 1908) and R (R Foundation
for Statistical Computing, Vienna, Austria, version 3.3.2). For each experiment and each passage,
the normal distribution of the data was verified with the Shapiro–Wilk test. Considering some data
did not follow a normal distribution, the non-parametric Mann–Whitney test was performed for

https://imagej.nih.gov/ij/
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comparison of the growth data between passages. Correlations were assessed using the Spearman
correlation coefficient (r). Graphics were made with the beeswarm package in R.

5. Conclusions

The present study describes the successful establishment of a panel of new preclinical glioblastoma
PDXs. Although minor changes between primary material and PDXs have been observed, most of the
models appear to have conserved the key characteristics of glioblastoma (CSC expression, histology,
MGMT promoter methylation). Consequently, we propose that they would constitute suitable models
to test new clinical treatment approaches and validate potential biomarkers.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/4/871/s1,
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PDXs, Figure S6: Evaluation of CD95 in the patients’ samples and in the PDXs.
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CD95 Cluster of Differentiation 95
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MSP Methylation-specific PCR
M methylated template
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PDX Patient-derived xenograft
RT Radiotherapy
Sox2 Sex determining region Y-box 2
VDT volume doubling time
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