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Abstract

Glioblastoma multiforme (GBM) is a highly malignant brain tumor. Tumor stem cells have a major influence on tumor
malignancy, and immunological escape mechanisms, involving the Natural Killer Group 2, member D (NKG2D) receptor-
ligand-system, are key elements in tumor immuno-surveillance. We analyzed the expression profile and localization of
NKG2D ligands (NKG2DL) and embryonic and neural stem cell markers in solid human GBM and stem-like cells isolated
from glioma cell lines by qRT-PCR and immunohistochemistry, including quantitative analysis. We also evaluated the effect
of Temozolomide (TMZ), the standard chemotherapeutic agent used in GBM therapy, on NKG2DL expression. NKG2DL-
positive cells were mostly found scattered and isolated, were detectable in glial fibrillary acidic protein (GFAP)-positive tumor
regions and partly in the penumbra of tumor vessels. NKG2DL were found in a distinct tumor stem-like cell subpopulation
and were broadly costained with each other. Quantitative analysis revealed, that dependent on the individual NKG2DL inves-
tigated, cell portions costained with different stem cell markers varied between small (Musashi-1) and high (KLf-4) amounts.
However, a costaining of NKG2DL with CD3y, typically found in T cells, was also observable, whereas CD11b as a marker
for tumor micoglia cells was only rarely costained with NKG2DL. Stem-like cells derived from the glioma cell lines T98G
and U251MG showed a distinct expression pattern of NKG2DL and stem cell markers, which seemed to be balanced in a
cell line-specific way. With differentiation, T98G displayed less NKG2DL, whereas in U251MG, only expression of most
stem cell markers decreased. In addition, stimulation with TMZ led to a significant upregulation of NKG2DL in stem-like
cells of both lines. As stem-like glioma cells tend to show a higher expression of NKG2DL than more differentiated tumor
cells and TMZ treatment supports upregulation of NKG2DL, the NKG2D system might play an important role in tumor
stem cell survival and in GBM therapy.
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Introduction

Glioblastoma multiforme (GBM) is the most common pri-
mary brain tumor in adults. Standard therapy includes resec-
tion and aggressive radiochemotherapy. The overall survival
remains extremely low with an average of 14 months (Stupp
et al. 2009). This points to the urgent need of new therapeu-
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options might be the heterogeneity of glioblastomas (Sot-
toriva et al. 2013; Aum et al. 2014). Glioma heterogeneity is
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master marker for glioma stem cells is missing (Fluh et al.
2016), not only differentiated tumor cells, but also tumor
cells with stem cell properties show a distinct heterogeneity.
As the proportion of tumor stem cells is closely associated
with the aggressiveness and with a bad prognosis in GBM,
tumor stem cells and especially the understanding of their
heterogeneous phenotypes are of high interest concerning
treatment of glioblastomas (Zeppernick et al. 2008).

Following the concept of the stem cell hypothesis, stem
cells have tumor-initiating potential, are pluripotent, show
resistance to chemo-therapy, and are, therefore, key elements
in tumor progression and recurrence. Concerning gliomas,
specific characteristics of tumor stem cells, including, e.g.,
expression of the neural and embryonic stem cell markers
like Kl1f-4 (Kriippel-like factor 4), Oct-4 (octamer binding
transcription factor; synonymous Oct-3, POUSF1), Sox-2
(sex determining region Y-box 2), Nanog (Tir nan Og),
and Musashi-1 [RNA-binding protein Musashi homolog 1
(Drosophila)] have been studied extensively by us and others
(Bradshaw et al. 2016; Hattermann et al. 2016).

Although the molecular mechanisms causing the ineffi-
cacy of current treatment strategies are, to date, not fully
identified, an important system of recognition and potential
elimination of tumor (stem) cells is provided by the Natu-
ral Killer Group 2D (NKG2D) system. Facing challenging
environmental conditions, malignant glioma cells express
several stress inducible molecules like the Natural Killer
Group 2D ligands (NKG2DL), which are recognized by the
NKG2D receptor (Jung et al. 2013; Chitadze et al. 2017).
NKG2DL are usually not expressed on healthy cells, but are
induced in response to different types of cellular stress, such
as viral infection, genotoxic stress, or malignant transforma-
tion (Nausch and Cerwenka 2008). There are eight different
NKG2DL known: MHC class I chain-related proteins A and
B (MICA and MICB) and six members of the UL16-binding
protein family [ULBP1-6; (Raulet et al. 2013)]. Interaction
between NKG2DL and the receptor, which is typically
located on effector cells of the immune system like NK cells,
NK T cells, gamma delta T cells, CD8 positive T cells, and
a minor subset of immune regulatory CD4-positive T cells
(Chitadze et al. 2015), triggers cytotoxicity in NK cells,
and induces costimulation of T-cell subsets (Champsaur
and Lanier 2010), which usually results in killing of the
NKG2DL carrying cell. As a mechanism of immuno-sur-
veillance, tumor cells may release soluble NKG2DL (sNK-
G2DL) or process membrane-bound NKG2DL in exosomes
(Chitadze et al. 2013). Thus, high serum levels of NKG2DL
are associated with a bad prognosis and short survival in
many malignancies like breast or pulmonary cancer (Salih
et al. 2008). It was shown by us and others that NKG2DL are
expressed on human GBM cells and corresponding glioma
cell lines (Lamb et al. 2013), and that cytotoxic activity of
gamma delta T cells towards glioma cells is enhanced in a
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NKG2D and T-cell receptor (TCR)-dependent manner (Chi-
tadze et al. 2015).

NKG2DL are not only present on differentiated tumor
cells, but also on induced pluripotent stem cells (Kruse et al.
2015) and induced pluripotent glioma stem cells (Wolpert
et al. 2014). Di Tomaso et al. did not find any differences in
NKG2DL expression when comparing glioma stem cells and
corresponding differentiated cells derived from human glio-
blastoma patients (Di Tomaso et al. 2010). In contrast, Codo
et al. found a lower expression of NKG2DL in stem-like
glioma cell lines compared to differentiated glioma cell lines
(Codo et al. 2014). Interestingly, immunogenicity of glioma
stem cells might depend on the glioma subtype (Beier et al.
2012). However, detailed information on the distribution of
various NKG2DL in different subpopulations of the hetero-
geneous glioma stem cell compartment and on the effect of
chemotherapeutic treatment on NKG2DL expression espe-
cially in glioma stem cells is still lacking.

Thus, the aim of this study was to quantitatively evalu-
ate the expression patterns and distribution of NKG2DL in
different subpopulations of glioma stem cells, especially
those showing embryonal or neural stem cell properties. In
addition to in situ coexpression studies, we investigated the
dynamic regulation of NKG2DL expression glioma stem-
like cells in relation to differentiation status and in response
to temozolomide (TMZ) treatment, a cytotoxic drug com-
monly used in GBM therapy.

Materials and methods
Tissue samples and cell cultures

Human glioblastomas WHO °IV were surgically resected at
the Department of Neurosurgery (Kiel, Germany). Informed
consent was obtained from all individual participants
included in the study. Patient’s informations are given in
Table 1. Median age at operation was 58 years. 40% of the
patients were female. The tumor had a frontal or temporal
localization in 14 cases, and a parietal or occipital localiza-
tion in 8 cases (some tumors being multilocular). 19 out of
20 tumors were primary glioblastomas. 13 patients received
a radiochemotherapy following the surgery (Stupp scheme:
60 Gray splitted up on 2 Gy for 5 days a week in 6 cycles
plus chemotherapy with temozolomide 75 mg/m? body sur-
face during radiation; following radiotherapy 6 cycles of
TMZ 150-200 mg/m? body surface on 5 of 28 days). Four
patients exclusively received adjuvant radiotherapy and one
patient received exclusively TMZ. Two patients received
no radiochemotherapy at all, due to general bad condition
(Table 1). The project was in accordance with approved
ethical standards of the ethics committee of the University
of Kiel and the Helsinki Declaration of 1964 and its later
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Table 1 Gender, age

. - No Gender Age Histology Localization Primary/secondary  Postop procedure
at operation, histology,
localization of tumor, primary 1 m 56 ~ GBM WHO °IV  Left frontal Primary Stupp
or secondary g.l ioblastoma, 2 w 58 GBM WHO °IV  Right temporal Primary Radiotherapy
and postoperative procedure of
patients 3 m 54 GBM WHO °IV  Right temporal Primary Stupp
4 m 75 GBM WHO °IV  Left frontal Primary Stupp
5 m 49 GBM WHO °IV  Left frontal Primary Stupp
6 w 37 GBM WHO °IV  Left temporooccipital ~ Secondary T™MZ
7 m 65 GBM WHO °1IV  Unknown Primary Stupp
8 m 62 GBM WHO °IV  Right temporal Primary Unknown
9 w 60 GBM WHO °IV  Right temporoparietal ~Primary Stupp
10 m 54 GBM WHO °IV  Right frontal Primary Stupp
11 w 73 GBM WHO °IV  Right occipital Primary Stupp
12w 35 GBM WHO °IV  Left parietal Primary Stupp
13 m 77 GBM WHO °IV  Right frontoparietal Primary None
14 m 65 GBM WHO °IV  Right frontal Primary Stupp
15 w 66 GBM WHO °IV  Right temporoparietal ~Primary Radiotherapy
16 m 42 GBM WHO °IV  Right frontal Primary Radiotherapy
17 m 43 GBM WHO °IV  Left frontal Primary Stupp
18 m 62 GBM WHO °IV  Left frontal Primary Stupp
19 w 64 GBM WHO °IV  Left frontal Primary Radiotherapy
20w 67 GBM WHO °IV  Right occiptal Primary Stupp

amendments (D 405/14, D485/13, D536/15). The diag-
nosis was verified by a pathologist. We used commercial
human glioblastoma cell lines, which were obtained from
The European Collection of Authenticated Cell Cultures
[ECACC, Salisbury, United Kingdom; T98G: ECACC No.
92090213; U251MG (formerly known as U373MG: ECACC
No. 89081403). U251MG (formerly known as U373MG)]
is named U251MG in the following. Cell cultures were
routinely checked for purity by immunostaining with cell-
specific markers [glial acidic fibrillary protein (GFAP);
mouse, 1:500; Dako, Hamburg, Germany; and Fibronectin
(H-300); rabbit, 1:100; Santa Cruz, Dallas, TX, USA] and
for the absence of Mycoplasma contamination by staining
with bisbenzimide as described before (Hattermann et al.
2010; Held-Feindt et al. 2010). Identity of cell lines was
proven routinely by STR (Short Tandem Repeat) profiling
at the Department of Forensic Medicine (Kiel, Germany)
using the Powerplex HS Genotyping Kit (Promega, Madi-
son, WC). In detail, after fluorometric quantification, DNA
was amplified with an STR multiplex PCR, electrophoretic
separation was performed using the 3500 Genetic Analyzer
(Thermo Fisher Scientific, Waltham, MA, USA), and for
evaluation, the Software GeneMapper ID-X (Thermo Fisher
Scientific) was used.

Stem-like cell cultures were established by cultivating
T98G and U251MG cells in neurosphere medium [50%
DMEM, 50% F12 medium containing 2 mM L-glutamine
(Merck Millipore, Billerica, MA, USA), 0.6% glucose

(Roth, Karlsruhe, Germany), 9.5 ng/ml putrescine dihydro-
chloride (Sigma-Aldrich, St. Louis, MO, USA), 6.3 ng/ml
progesterone (Sigma-Aldrich), 5.2 ng/ml sodium selenite
(Sigma-Aldrich), 0.025 ng/ml insulin (Sigma-Aldrich),
2 pg/ml heparin (Sigma-Aldrich), and 4 mg/ml bovine
serum albumin (Thermo Fisher Scientific)]. The growth
factors EGF (epidermal growth factor; PeproTech, Rocky
Hill, NJ, USA) and bFGF (basic fibroblast growth factor;
ImmunoTools, Friesoythe, Germany) were added at a con-
centration of 20 ng/ml. After several passages of trypsini-
zation processes (minimum of three, trypsinizati on every
7 days), differentiation of stem-like cells was induced by
adding 10% fetal bovine serum to neurosphere medium
and by removing bFGF and EGF in a subgroup of cells.
After 10 days of differentiation, the corresponding stem-
like cell spheres and the differentiated cells were stained
by immunocytochemistry, and mRNA was analyzed by
gRT-PCR as described below. Identity of stem-like and
differentiated cells, respectively, was checked by analyz-
ing the mRNA expression of glial fibrillary acidic protein
(GFAP) and Sox-2 using qRT-PCR as mentioned below. In
addition, stem-like cells were morphologically character-
ized by formation of neurospheres, which have the ability
to float and which survive and proliferate under stem cell
conditions. After differentiation, cells loose this ability
and change their morphology to an adherent phenotype.
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Quantitative RT-PCR

RNA was isolated using the Arcturus PicoPure® RNA Iso-
lation Kit (Applied Biosystems by life technologies, Carls-
bad, CA, USA) following the manufacturer’s instructions
for tissue or cell cultures. DNA was digested by RNase free
DNase (Promega) and cDNA was synthesized by reverse
transcription (Thermo Fisher Scientific). Realtime PCR was
performed using TagMan MasterMix and Primer Probes
(Applied Biosystems, Waltham): human glyceraldehyd-
3-phosphate dehydrogenase [AGAPDH (Hs99999905_m1)],
hGFAP (Hs00157674_m1), hOct-4 (Hs00999632_gl),
hKIf-4 (HS00358836_m1), hSox-2 (Hs00602736_s1), hNa-
nog (Hs02387400_gl), hMusashi-1 (Hs00159291_m1),
hMICA (Hs00792195_ml), hMICB (Hs04187752_mH;
alternative names DAAP-210H10.1, PERBI1.2), hULBPI
(Hs00360941_ml; alternative names RAETII, RP11-
472G23.2), and hULBP2 (Hs00607609_mH; alternative
names N2DL2, RAETIH, UNQ463/PRO791), hULBP3
(Hs00225909_m1). Cycle of threshold values (Cy) was
measured by a cycler (QuantStudio 5, Applied Biosystems
by Thermo Fisher Scientific). The genes mentioned above
were normalized to the house keeping gene GAPDH yield-
ing ACy values: Cy (gene of interest)}—Cyp (GAPDH). As
ACy values mirror the exponential course of the qPCR, a
ACy of 3.33 corresponds to a tenfold lower expression com-
pared to GAPDH, a AC; value of 6.67 corresponds to a 100-
fold lower expression, and so on. The relative gene expres-
sion compared to GAPDH (272¢1) was used for statistical
analysis. Cy of n=41, which was the maximum cycle num-
ber, was defined as undetectable. The expression differences
between stem-like and differentiated cells were calculated
as n-fold AACT values = 2ACT stem—like cells—ACr differentiated cells.
After stimulation with Temozolomide, the induction of gene
expression is shown as n-fold expression changes. This was
calculated as AACy values =2ACr control=ACy stimulus

Immunohistochemistry

For in situ analysis of marker expression, 10 um cryosec-
tions of 20 different glioma patients were stained by immu-
nohistochemistry. Fixation was performed with an ice-cold
acetone—methanol mixture (1:1) for 10 min; blockage for
autofluorescence was obtained with sudan black (1% in 70%
ethanol, Roth). Afterwards, blockage for unspecific anti-
body binding was performed by adding 0.5% glycine/0.5%
bovine serum albumin. Primary antibodies were added and
incubated over night at 4 °C. Secondary antibodies were
incubated at 37 °C for 1 h. Nuclei were stained with diami-
dino-2-phenylindol (DAPI; Sigma—Aldrich; 1:30,000) which
was applied at room temperature for 30 min. All antibod-
ies were diluted in phosphate-buffered saline (PBS) for cell
cultures and tris-buffered saline with 0.1% Tween (TBST)
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for cryo-sections. Sections were embedded with Immu-
mount (Thermo Fisher Scientific). After each step, slides
were washed with TBST. Primary antibodies were anti-
GFAP (mouse, 1:500; Dako), anti-OCT4 (rabbit, 1:150;
Cell Signaling, Danvers, MA, USA), anti-KLF4 (1:250,
mouse; Thermo Fisher Scientific), anti-SOX2 (rabbit, 1:200;
Santa Cruz), anti-Nanog (rabbit, 1:500,; Thermo Fisher
Scientific), anti-Musashi-1 (mouse, 1:100,; R&D Systems,
Minneapolis, MN, USA), anti-MICA 2C10 (mouse, 1:150;
Santa Cruz), anti-MICB (mouse, 1:500, R&D Systems),
anti-ULBPI (rabbit, 1:200, proteintech, Chicago, IL, USA),
anti-ULBP2 (rabbit, 1:500, abcam, Cambridge, UK), anti-
ULBP3 (mouse, 1:250, R&D), anti-CD3y (rabbit, 1:200,
Thermo Fisher Scientific), anti-von Willebrand factor (vWF)
(mouse, 1:1000, Santa Cruz), and anti-cluster of differentia-
tion (CD)11b (mouse, 1:100, Santa Cruz). When both pri-
mary antibodies were derived from the same species, unspe-
cific binding was blocked by adding F(ab) fragments from
the very same species (donkey anti-mouse and anti-rabbit
F(ab) fragments, 1:1000, from Jackson ImmunoResearch,
West Grove, PA, USA). This step was left out when both pri-
mary antibodies were derived from different species. After-
wards, secondary antibodies were added. Isotype controls
were performed by applying IgG, mouse and IgG, rabbit
(both R&D Systems) in concentration adapted to the other
primary antibodies used. As secondary antibodies, donkey
anti-mouse or anti-rabbit IgGs labelled with Alexa Fluor
488 or Alexa Fluor 555 (1:1000; Invitrogen, Carlsbad, CA,
USA) were used. For negative controls, primary antibodies
were omitted exclusively. Manufacturers of all antibodies
provided proof of validation of technical specifity. To allow
a better structural analysis, hematoxylin and eosin (H&E)
stainings were performed on all examined tumors according
to standard protocols.

Quantitative analysis

To evaluate relative proportions of cells being positive for
various NKG2DL and stem cell markers, we performed a
quantitative analysis of stained cryosections of 20 differ-
ent glioma patients. For this purpose, the number of cells
positive for the respective marker, the number of cells being
positive for both markers, and the absolute cell count were
surveyed manually in five different fields of view of a micro-
scope for every section. Afterwards, the mean values and the
standard deviations were calculated.

Immunocytochemistry

For in vitro analysis of stem cell markers and NKG2DL
expression, stem-like spheres and the corresponding differ-
entiated cells derived from the glioma cell lines T98G and
U251MG were seeded on cover glasses and were stained
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as described above. After fixation with ice-cold metha-
nol-acetone (1:1 mixture), cells were washed with PBS. All
other steps were performed as mentioned in the description
of immunohistochemistry, including isotype and negative
controls.

Microscopy

Images were obtained with a Zeiss Oberver.Z1 microscope
(Zeiss, Oberkochen, Germany). Plan-Apochromat 40x/1.4
QOil DIC (CN) VIS-IR M27 was used as a lens. The camera
AxioCam MR MRS (Zeiss) with a focus depth of 0.89 um
for 555 nm, 0.80 um for 488 nm, and 0.72 um for DAPI
was used. For image processing, ZEN2 (blue edition, 2011)
was used (Zeiss). Images had a size of 1388 x 1040 pixels
(223,82 167,70 um) at an image bit depth of 12 bit.

Stimulation experiments

For stimulation experiments, T98G and U251MG GBM cells
were seeded subconfluently on 6-well plates and were cul-
tivated for 24 h. Cultures were kept in neurosphere medium
with temozolomide (Sigma-Aldrich, 500 uM) or correspond-
ing concentrations of DMSO as solvent control. Cells were
incubated for 48 h. Afterwards, RNA was isolated using the
Arcturus PicoPure® RNA Isolation Kit (Applied Biosystems
by Life Technologies).

Statistical analysis

Mean value and standard deviation were calculated. For
testing significance of increase or decrease of expression,
Student’s ¢ test was used (2-sided, paired test). Undetect-
able samples were set at Cy=41, as this would commonly
represent the detection limit if 40 amplification cycles are
run. P values were indicated in the following way: * <0.05,
**<0.01, and *** <0.001.

Results

In situ expression and localization of NKG2DL
in human glioblastomas

To evaluate the in situ distribution and localization of
NKG2DL, we stained cryo-sections of primary human
glioblastomas for the NKG2DL MICA, MICB, ULBPI, 2,
and 3 in combination with each other, in combination with
glial fibrillary acidic protein (GFAP), cluster of differentia-
tion 3 gamma chain (CD3y), cluster of differentiation 11b
(CD11b), and von Willebrand factor (vWF) and in combi-
nation with various stem cell markers (K1f-4, Oct-4, Sox-2,
Nanog, and Musashi-1).

Double-immunostaining of NKG2DL with each other
and in combination with GFAP, CD3y, CD11b, and vWF

To initially identify NKG2DL-positive cell subsets within
the tumors per se and to evaluate their relationship to stromal
or infiltrating immune cells, we performed double-immu-
nostaining of various NKG2DL (MICA, MICB, ULBPI,
2, and 3) with each other, with GFAP, CD3y, CD11b, and
vWF. Here, NKG2DL-positive cells were only rarely found
in clusters, but were mostly scattered and rarely directly
neighbored to each other. Moreover, with exceptions of the
combination of MICB with ULBP2, we observed a broad
costaining of all NKG2DL with each other (exemplary
sections in Fig. 1, first column). Isotype controls were per-
formed for every possible combination of mouse or rabbit
primary and secondary antibodies (exemplary results shown
in Fig. 2). NKG2DL-positive cells were found in GFAP-
positive tumor regions (Fig. 1, second column), and some-
times a costaining of every single NKG2DL with CD3y, a
common cluster of differentiation found on T cells (Fig. 1),
was seen as well. However, there were also single-positive
cells for CD3y and MICA, MICB, ULBP1, 2, and 3, respec-
tively (Fig. 1). We also observed that CD3y-positive cells
often appeared in clusters, whereas NKG2DL-positive
cells were mostly scattered and isolated. It was shown that
glioblastoma-infiltrating antigen-presenting cells, consist-
ing mainly of microphages/microglia, can also express
NKG2DL (Kmiecik et al. 2013), Here, when analyzing
double-immunostaining for CD11b, a cluster of differentia-
tion found on macrophages and microglia and being involved
in numerous adhesion—related associations, we observed a
costaining with NKG2DL only very rarely (Fig. 1). Looking
at the double-immunostaining of NKG2DL and vWF, which
usually is found in vessel endothelium and can be released
into the plasma and the basement membrane of endothelial
cells, NKG2DL-positive cells were found in the penumbra
of tumor vessels, but were not costained (Fig. 1). CD3y and
vWF also were not found to be costained (Fig. 1, bottom
of first column). Negative controls and isotype controls are
summarized in Fig. 2.

Double-immunostaining of NKG2DL with various stem cell
markers

To further evaluate the in situ distribution of NKG2DL in
regard to stem cells within the tumor, we performed dou-
ble-immunostaining of MICA, MICB, ULBPI, 2, and 3 in
combination with the stem cell markers Klf-4, Oct-4, Sox-2,
Nanog, and Musashi-1, which are all neural/embryonal stem
cell markers well documented in gliomas, and analyzed the
results quantitatively. (Fluh et al. 2016; Hattermann et al.
2016). Representative results for double-immunostaining
are shown in Fig. 3. Again, NKG2DL were found only in a
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«Fig. 1 Double-immunostaining of NKG2DL with each other and
in combination with GFAP, CD3y, CDI1b, and vWF. Selected
images from different primary human GBM; Costaining of MICA
with MICB, MICA with ULBP1, MICA with ULBP2, MICB with
ULBPI1, and ULBP1 with ULBP2 was found frequently, and we
found partial costaining of MICB with ULBP2. NKG2DL-posi-
tive cells were found in GFAP-positive tumor regions. Costaining
of NKG2DL (green) with CD3y (red) was found, as well, although
single-positive cells for both markers were found, respectively. There
was almost no/rare costaining of NKG2DL with CD11b; NKG2DL
were found in the penumbra of vWF-positive regions, but were not
costained with vWF. Bars are indicating 20 pm

distinct tumor cell subpopulation and these NKG2DL posi-
tive cells were not found in clusters. As we observed in a
previous study (Hattermann et al. 2016), only a small sub-
population of tumor cells showed positive staining of the
respective stem cell markers, and these cells were commonly
found in small clusters. This applied to all of the examined
stem cell markers (Figs. 2, 3). Notably, HE staining revealed
that all examined GBMs resembled typical characteristics
for highly malignant, actively proliferating tumors. We fre-
quently found mitosis, neovascularization, and necrotic areas
(exemplarily depicted in Fig. 4).

Initially, we performed a quantitative analysis on 20
different GBM samples according to individual NKG2DL
and stem cell markers’ positive cell amounts. Here, MICA
was found in 5% [standard deviation (SD)+2%], MICB in
4% (SD+2%) ULBPI in 14% (SD+3%), ULBP2 in 3%
(SD +1%), and ULBP3 in 5% (SD + 1%) of the tumor cells.
Whereas Musashi-1 was found in only 2% of all tumor cells
(SD +2%), all other stem cell markers were found at a simi-
lar frequency [14% (SD + 11%) were positive for Oct-4, 14%
(SD + 6%) for KlIf-4, 12% (SD + 1%) for Sox-2, and 16%
(SD +2%) for Nanog].

Next, we analyzed the amount of NKG2DL-positive cells
being costained for various stem cell markers. For Klf-4, a
transcription factor and a classical marker for embryonic
stem cells (Bradshaw et al. 2016), we observed a frequent
costaining with MICA [94% (SD + 24 %) positive for K1f-4],
MICB [82% (SD +23%) positive for Kif-4], ULBP1 [93%
(SD + 12%) positive for KIf-4], ULBP2 [84% (SD +23%)
positive for Klf-4] and ULBP3 [89% (SD + 18%) positive
for KIf-4]; exemplary sections, as shown in Fig. 3. Look-
ing at Oct-4, we observed a costaining with MICA [37%
(SD+42%) of cells, positive] and MICB [21% (SD +32%)
of cells, positive] in relatively low amounts (Fig. 2), whereas
ULBP1 (89%, SD +34%) was frequently costained, and
ULBP2 (59%, SD +36%) and ULBP3 (61%, SD +42%)
were found to be costained at an intermediate level (Fig. 3).
Concerning Sox-2, we found an intermediate costaining
with MICA (74%, SD +31%), MICB (75%, SD +26%),
ULBP2 (59%, SD +38%), and ULBP3 (65%, SD +25%),
and a frequent costaining with ULBP2 (97%, SD +8%).
Similar results were found for Nanog, which was found in

67% (SD+25%) of MICA-positive cells, 67% (SD +32%)
of MICB-positive cells, 69% (SD +48%) of ULBP2-positive
cells, but 97% (SD +7%) of ULBP1-positive cells and 92%
(SD +12%) of ULBP3-positive cells (Fig. 3). Musashi-1 was
found to be costained with any of the NKG2DL in ligand-
dependent different but overall at relatively low amounts
[26% (SD +36%) in MICA, 36% (SD +37%) in MICB, 20%
(SD +£23%) in ULBP1, 0% in ULBP2, 4% (SD +13%) in
ULBP3; Fig. 3]. Results are shown in Table 2. Again, cor-
responding negative and isotype controls are summarized
in Fig. 2.

Vice versa, as compared to all other investigated
NKG2DL, ULBP1 was expressed in cells with stem cell
characteristics at the highest percentages [89% (SD +34%) of
Oct-4-positive cells, 76% (SD +30%) of Klf-4-positive cells,
88% (SD +£21%) of Sox-2-positive cells, 71% (SD +30%)
of Nanog-positive cells, and 57% (SD +36%) of Musashi-
1-positive cells]. MICA was found at moderate-to-low levels
(22% (SD 27%) in Oct-4-positive cells, 43% (SD +29%) in
Kif-4,35% (SD £30%) in Sox-2, 33% (SD +21%) in Nanog,
and 47% (SD +45%) in Musashi-1-positive cells). MICB
was found in low amounts in Oct-4 (9%, SD + 14%), Sox-2
(25%, SD +23%), Nanog (27%, SD +27%) and Musashi-1
(20%, SD +35%) positive cells but frequently found in
Klf-4 positive cells (76%, SD +31%). ULBP2 was, com-
pared to other NKG2DL, found at relatively low percentages
[21% (SD +30%) of Oct-4, 12% (SD + 16%) of Klf-4, 14%
(SD +19%) of Sox-2, 15% (SD +21%) of Nanog-, and 0%
of Musashi-1-positive cells]. ULBP3 was found at moderate
levels in stem cell-maker positive cells [21% (SD +22%) in
Oct-4, 48% (SD +33%) in Klf-4, 43% (SD +35%) in Sox-2
and in 38% (SD +28%) of Nanog-positive cells]. Musashi-
1-positive cells showed costaining with ULBP3 in 100%.
This effect might be aggravated due to the relatively low
number of Musashi-1-positive cells per tumor. Results are
shown in detail in Table 3.

Summarized, the distribution of NKG2DL on stem cell
marker positive cells in human glioblastomas is heterogene-
ous. Importantly, many NKG2DL-positive cells seem to be
positive for KIf-4 and to a lesser extent for Sox-2 and Nanog.
Musashi-1 is rarely found in NKG2DL-positive cells. Only
few cells positive for MICA and MICB showed staining for
Oct-4. However, not all NKG2DL-positive cells express
stem cell markers and vice versa.

In vitro expression of NKG2DL and stem cell markers
in stem-like cells and corresponding differentiated
cells derived from different glioma cell lines

To analyze whether the specific distribution of NKG2DL
described above and stem cell marker expression was
reproducible in vitro, we examined glioma stem-like sphe-
roids derived from exemplary glioma cell lines T98G und
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Fig.2 Negative and isotype
controls for all used antibodies.
Negative controls for GBM cry-
osections (a) and cell cultures
(stem cells and corresponding
differentiated cells b) are shown
in the first column. Mouse and
rabbit AF 488 and AF 555

were used, respectively. Isotype
controls for GBM cryosections
(a) and cell cultures (stem cells
and corresponding differentiated
cells b) are shown in the second
column. Here, mouse and rabbit
IgG labelled with either AF 488
or AF 555 were used
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Fig.3 Double immunostaining of NKG2DL with the neural/embry- »

onal stem cell markers KIf-4, Oct-4, Sox-2, Nanog, and Musashi-1.
Selected images from different primary human GBM; here, we show
MICA with Oct-4 (only 22% of Oct-4-positive cells were positive
for MICA; 37% of MICA-positive cells were positive for Oct-4),
MICB with Sox-2 (25% of Sox-2-positive cells were positive for
MICB; 75% of MICB-positive cells were positive for Sox-2), ULBP1
with Musashi-1 (57% of Musashi-1-positive cells were positive for
ULBPI; 20% of ULBP1-positive cells were positive for Musashi-1),
ULBP2 with Nanog (15% of Nanog-positive cells were positive for
ULBP2; 69% of ULBP2-positive cells were Nanog-positive) and
ULBP3 with KlIf-4 (48% of Klf-4-positive cells were ULBP3-posi-
tive; 89% of ULBP3-positive cells were Klf-4-positve). Bars are indi-
cating 20 ym

U251MG by cultivation in neurosphere medium and corre-
sponding differentiated cells generated from these spheroids.
Differentiation of the spheres was induced by adding 10%
FBS to the neurosphere medium and omitting the growth
factors bFGF and EGF as described before (Hattermann
et al. 2010). In neurosphere medium, the cultures showed
the typical free floating spheroid morphology of stem-like
cells. After adding 10% FBS, cell morphology changed into
an adherent, more differentiated phenotype. We analyzed
expression changes comparing stem-like cells with differ-
entiated cells on mRNA level by qRT-PCR and on protein
level by immunocytochemistry.

Remarkably, MICA and ULBP2 were expressed at a sig-
nificantly higher baseline level in U251MG compared to
T98G, while MICB and ULBP1 were significantly higher
expressed in T98G compared to U251MG. Furthermore,
gRT-PCR revealed that MICB was expressed significantly
higher in stem-like cells derived from T98G compared to
the corresponding differentiated cells. Higher expression in
T98G stem-like cells compared to differentiated cells was
seen for MICA und ULBP2 as well, but was missing sig-
nificance in both markers. Concerning ULBP3-expression,
no significant differences were seen between T98G and
U251MG. Looking at U251MG, we did not observed any
significant change in expression of NKG2DL when com-
paring stem-like cells with differentiated cells (Fig. 5a).
Regarding the expression of stem cell markers, most mark-
ers were—as expected—expressed at a higher level in stem-
like cells. This effect was more pronounced in U251MG.
Here, we saw a highly significant higher expression of
Sox-2 and Nanog in spheroids compared to differentiated
cells (Fig. 5b). This effect was also seen concerning Klf-4
and Musashi-1. When looking at spheroids and differenti-
ated cells derived from T98G, we saw a moderate, but not
significantly higher expression of Klf-4, Oct-4, and Nanog
in spheroids compared to differentiated cells (Fig. 5b). Inter-
estingly, Sox-2 and Nanog were expressed at a significantly
higher baseline level in U251MG compared to T98G. This
effect was seen for Musashi-1 as well, although not signifi-
cant in this case. The mRNA expression results of NKG2DL

W

S
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\
A

and stem cell markers obtained by qRT-PCR were confirmed
on protein level by immunostainings, as exemplarily shown
in Fig. 5c. Isotype and negative controls were perfomed for
mouse and rabbit primary antibodies, using either mouse or
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Fig.4 Selected HE staining of 15 out of 20 glioblastoma. All tumors resemble typical histological features like mitoses, neovascularization, and
necrosis
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Table2 Amount of NKG2DL-
positive cells being costained

KIf-4

Oct-4

Sox-2

Nanog

Musashi-1

for various stem cell markers

74% (SD+31%)
75% (SD +26%)
97% (SD + 8%)

59% (SD +38%)
65% (SD+25%)

67% (SD +25%)
67% (SD +32%)
97% (SD+7%)

69% (SD +48%)
92% (SD+12%)

26% (SD +36%)
36% (SD +37%)
20% (SD +23%)
0%

4% (SD +13%)

ULBP1

ULBP2

ULBP3

MICA 94% (SD+24%) 37% (SD+42%)
MICB 82% (SD+23%) 21% (SD+32%)
ULBP1  93% (SD+12%) 89% (SD+34%)
ULBP2 84% (SD+23%) 59% (SD+36%)
ULBP3 89% (SD+18%) 61% (SD+42%)

Table 3 Amount of stem cell MICA MICB

marker positive cells being

costained for various NKG2DL KIf-4 43% (SD+29%) 76% (SD+31%)
Oct-4 22% (SD+27%) 9% (SD +14%)
Sox-2 35% (SD+30%) 25% (SD+23%)
Nanog 33% (SD+21%) 27% (SD+27%)
Musashi-1  47% (SD+45%) 20% (SD+35%)

76% (SD +30%)
89% (SD +34%)
88% (SD+21%)
71% (SD +30%)
57% (SD +27%)

12% (SD +16%)
21% (SD +30%)
14% (SD +19%)
15% (SD +21%)
0%

48% (SD+33%)
21% (SD +22%)
43% (SD +35%)
38% (SD +28%)
100%

rabbit IgG or omitting all primary antibodies and using PBS
instead (Fig. 2).

The overall picture is summarized in Fig. 5d as a diagram.
Starting off with a distinct baseline expression profile of
NKG2DL and stem cell markers, which differed between
T98G and U251MG spheroids, spheroids derived from
U251MG showed more plasticity of stem cell marker expres-
sion upon differentiation than spheroids derived from T98G.
Contrasting this, NKG2DL expression changes in T98G
spheroids upon differentiation were more pronounced. Sum-
marized, it seemed that a specific distribution of NKG2DL
and stem cell marker expression exists both in solid glioblas-
toma samples in situ and cultured glioma spheroids in vitro.
Here, spheroids from U251MG and T98G closely mirrored
different population of NKG2DL and stem cell marker
expressing glioma cells, showing different regulation pat-
terns upon differentiation.

In vitro regulation of NKG2DL by temozolomide
in stem-like cells derived from glioma cell lines

To evaluate the influence of temozolomide (TMZ), the most
common chemotherapeutic agent used in standard GBM
treatment, on mRNA expression levels of MICA, MICB,
ULBPI, and 2 in glioma stem-like cells in vitro, we stimu-
lated spheroids derived from the glioma cell lines T98G
and U251MG with 500 uM of TMZ for 48 h (n=3). As
TMZ was dissolved in DMSO, equal amounts of DMSO
were added for controls, which were used to determine the
n-fold induction of mRNA expression (n-fold expression for
DMSO control = 1; results shown in Fig. 6). We detected a
significant induction of all NKG2DL after stimulation with
TMZ in spheroids derived from T98G (left part of Fig. 6).
Here, detailed n-fold induction values were 2.87 +0.83
for MICA, 2.19+0.31 for MICB, 3.15+0.77 for ULBPI,

and 3.36 + 1.48 for ULBP2. Concerning spheroids derived
from U251MG, we saw a significant upregulation of MICA,
MICB, and ULBP?2 (right part of Fig. 6). As already seen in
unstimulated spheroids derived from U251MG, ULBP1 was
not detectable (n.d.). Detailed n-fold induction values were
1.95+0.39 for MICA, 4.35 +0.85 for MICB, and 2.39+0.17
for ULBP2.

Thus, TMZ stimulation significantly induced the expres-
sion of NKG2DL in stem-like spheroids generated from
T98G and U251MG cell lines.

Discussion

Compared to many other tumors, prognosis of patients with
GBM is, with a median survival of 14 months, poor (Stupp
et al. 2009). Mechanisms of escape to the current standard
therapeutic strategies involve tumor heterogeneity, immu-
nological escape mechanisms including the NKG2D sys-
tem, and therapy resistance of tumor cells, especially with
stemness features. Tumor stem cells are, according to the
stem cell hypothesis, a subpopulation of tumor cells with the
ability of unlimited self-renewal and asymmetric division
and have been described to be the source of recurrence and
metastases in many tumors (Ignatova et al. 2002; Al-Hajj
et al. 2003; Barker et al. 2009; O’Connor et al. 2014; Hat-
termann et al. 2016). The NKG2D system itself is a mecha-
nism of immunologic defense, which plays an important role
in recognition and elimination of tumor cells (Nausch and
Cerwenka 2008). Although others showed that stem-like
cells derived from commercial glioma cell lines and primary
human glioblastoma expressed NKG2DL on their surface
(Di Tomaso et al. 2010; Wolpert et al. 2014), detailed infor-
mation on the specific distribution of NKG2DL in different
subpopulations of glioma stem cells does not yet exist. Here,

@ Springer



230

Histochemistry and Cell Biology (2018) 149:219-233

MICA MICB ULBP1 ULBP2 ULBP3
0 1
* % (E
3.3 10 2
OO *%* Sk o
o e ea— — e
671 o o - 10 3
N ° 3
I - oo = sy o
R Y , o e s
S 10 A AL kS o A ST
& 23
< ‘UAA%r hd A g
13.3 °° 104 =
£ Ff c:;
T
o
16.7 ~10° I
1}
20 10° AT
° O M ° ° below detection limit
sc_diff. sc_diff. sc_diff. sc_diff. sc_diff. sc_diff. sc__diff. sc__diff. sc__diff. sc__diff.
T98G U251MG T98G U251MG T98G U251MG T98G U251MG T98G U251MG
b 0 Kif-4 Oct-4 Sox-2 Nanog Musashi-1 ]
** * i
| I | B %
3.3 5 E 10t =
& o 5
s o
671 e (6 - 10* %
[} A
S ° 'Y ’ 4 %
© | Te A N A *kk * % L 10° @
:5 10 R o o <o — o b
< ° N & A oé A N S
13.3 A 4 ° F10* 3§
BA e A & A g
° A 9
16.7 L4 —o— F10° I
5 A
20 = e 2 e 4 110: detection limit
sc_diff. sc diff. sc diff. sc diff. sc diff. sc diff. sc diff. sc diff. sc_diff. sc_diff. ~c oW detectionlimi
T98G U251MG T98G U251MG T98G U251MG T98G U251MG T98G U251MG
C stem cells differentiated stem cells differentiated stem cells differentiated d
T98G : C | T98G c Zi(}z
U251MG mIicB
MICB wezs

- -- --
U251MG-- --

we aimed at characterizing the quantitative distribution pat-
tern of NKG2DL (MICA, MICB, ULBP1, and ULBP2) on
glioma stem cells in situ and in vitro. In both approaches,
we distinguished different subpopulations of glioma stem
cells by the expression of different neural and embryonal
stem cell markers (Oct-4, Sox-2, Nanog, Musashi-1, and
Klf-4) and additionally analyzed the effect of Temozolomide
on NKG2DL expression in glioma stem-like cells in vitro.
In contrast to some other studies, which found
NKG2DL to be only rarely detectable by staining of human

@ Springer

MICA,
ULBP1,2,3

U251MGe Xi(:)z

MICA, ULBP2,3 MICA, ULBP2,3

MICB mMicB

glioblastoma sections (Di Tomaso et al. 2010), we found
NKG2DL to be present in all glioblastomas at a well-detect-
able level. However, it seems that only a subset of glioma
cells express NKG2DL. These cells were located in GFAP-
positive regions, and a part of them were double-positive
for NKG2DL and specific stem cell markers in individual
NKG2DL and stem cell marker-specific amounts. As the
surface expression of NKG2DL correlates with the prob-
ability of the expressing cell to be identified by NK or T
cells, which usually leads to induction of apoptosis, the
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«Fig.5 In vitro expression of NKG2DL (MICA, MICB, ULBPI,
ULBP2, and ULBP3) and stem cell markers (KIf-4, Oct-4, Sox-2,
Nanog, and Musashi-1) in stem-like cells and corresponding differ-
entiated cells derived from the glioma cell lines T98G and U251MG.
We analyzed mRNA level by qRT-PCR (a and b) and protein level
by immunocytochemistry (b). Baseline expression level of MICA and
ULBP2 was higher in U251MG, whereas baseline expression lev-
els of MICB and ULBP1 was higher in T98G (a). Baseline level of
ULBP3 was similar in T98G and U251MG (a). Baseline expression
of Sox-2, Nanog and Musashi-1 was higher in U251MG stem-like
cells compared to T98G stem-like cells (b). qRT-PCR of stem-like
spheres in comparison to corresponding differentiated cells revealed
that T98G stem-like cells expressed MICA, MICB, and ULBP2 at a
significantly higher level than differentiated cells; no such difference
was seen in U251MG (a). Expression of Klf-4, Sox-2, Nanog, and
Musashi-1 decreased with differentiation; this effect was more pro-
nounced in U251MG than in T98G. ACT values indicate the relative
gene expression in comparison to the house keeping gene GAPDH
in a logarithmic plotting (left axis), which means that a 3.33 lower
AC; value denotes a tenfold lower gene expression (depicted in a
logarithmic scale on the right axis). If the C value of one fraction
was below the detection limit after 40 PCR cycles, this was marked
as “below detection limit”. A two-tailed paired Student’s ¢ test was
used for statistical analysis. Stars indicate the following significance
levels: ***¥p <0.001; **p<0.01; *p<0.05. Results on mRNA level
were confirmed on protein level by immunostaining of spheroids
compared to differentiated cells; NKG2DL are shown in green; stain-
ing for Sox-2 and Musashi-1 are shown in red as examples for stem
cell markers (c). Corresponding to our findings on mRNA levels,
protein expression of NKG2DL and stem cell markers were distinctly
decreased upon differentiation. The overall picture is summarized
in Fig. 3d; stem cell markers are shown in light gray; NKG2DL are
shown in black; stem-like cells/spheroids are shown in blue; and dif-
ferentiated cells are shown in yellow (d)

heterogeneity of glioma stem cells concerning the NKG2DL
expression in situ might be an important factor concerning
the survival of tumor stem cells. Heterogeneity concerning
NKG2DL expression has been described for many other
non-CNS tumors (Pende et al. 2002; Vetter et al. 2002;
Friese et al. 2003; Salih et al. 2003; Watson et al. 2006;
Carlsten et al. 2007; Castriconi et al. 2007). Following our
results, this variability also exists in glioma stem cells on a
cellular level within each tumor.

We also observed a partial costaining of all examined
NKG2DL and CD3y, a common cluster of differentiation
found on T cells, as well as a broad costaining of nearly all
examined NKG2DL with each other. Although NKG2DL
are known to be found on tumor cells or other cells under
different conditions of cellular stress, T cells activated by
antigen-presenting cells and T-cell blasts stimulated with
super antigens (anti-CD3/anti-CD28 in combination with
PMA) are known to upregulate NKG2DL (Molinero et al.
2002; Nausch and Cerwenka 2008). Moreover, Nakamura
et al. reported that NKG2DL were also found on NK cells
(Nakamura et al. 2013). However, in our staining experi-
ments with glioblastoma frozen sections, the majority of
NKG2DL-positive cells were CD3y-negative. In addition,
we observed only a very rare costaining with CD11b, which

is a typical marker for resident microglia, as the resident
macrophage-like antigen-presenting cell of the central
nervous system. Resting microglia were shown to express
NKG2DLs at high levels yet in in vitro cell culture settings,
activated tumor microglia in contrast express NKG2DL only
at very low levels in both in vitro and in vivo experimental
conditions, thus protected from NKG2D-dependent recogni-
tion and elimination. (Lunemann et al. 2008; Pereboeva et al.
2015). We also could show that the NKG2DL-positive cells
seem to be located outside of tumor vessels.

In contrast to Di Tomaso et al., who found NKG2DL only
very rarely expressed in glioma stem-like cells and corre-
sponding differentiated cells, we were able to show heteroge-
neous but mostly distinct expression patterns of NKG2DLs
in T98G and U251MG glioma stem-like cells. Interestingly,
upon differentiation, mRNA expression of MICB decreased
in T98G but not in U251MG. In line with our findings, Di
Tomaso et al. found a heterogeneous expression of various
NKG2DL in stem-like cells and corresponding differenti-
ated cells, and—concerning U251 MG—there was no clear
change in NKG2DL expression upon differentiation (Di
Tomaso et al. 2010). In another study, higher NKG2DL
expression levels were reported on glioma long-term cell
lines compared to glioma-initiating cell lines, in our system
resembling more differentiated and stem-like cells, respec-
tively (Codo et al. 2014). Interestingly, Friese et al. described
that constitutive NKG2DL expression in differentiated glio-
blastoma cells is too low to promote an effective immune
cell activation in vivo (Friese et al. 2003). As we observed a
higher (T98G) or equal (U251MG) NKG2DL expression on
glioma stem-like cells in comparison to corresponding dif-
ferentiated cells, there might be crucial differences between
differentiated cells and stem cells concerning their immuno-
genicity. Mechanisms leading to such heterogeneity are not
entirely clear. For instance, Wolpert et al. found that there
is only a partial overlap between NKG2DL surface expres-
sion and expression on mRNA level (Wolpert et al. 2014),
giving a hint to additional mechanisms of posttranslational
and posttranscriptional regulation (Raulet et al. 2013). As a
potential mechanism of viral immune escape, human cyto-
megalovirus was shown to induce a loss of surface MICB
by interrupting maturation and transition of MICB via the
secretory pathway (Wu et al. 2003; Spreu et al. 2006).

Concerning the influence of chemotherapeutic treatment
on NKG2DL expression especially in glioma stem-like cells,
we saw a significant upregulation of all expressed NKG2DL.
These results are in accordance with others concerning the
influence of TMZ on NKG2DL expression in differentiated
glioma cells (Lamb et al. 2013; Chitadze et al. 2017). In
a previous study, we also could show that the increase of
NKG2DL surface expression in differentiated glioma cells
after stimulation with TMZ leads to a sensitization of GBM
cells to Y8 T cell-mediated lysis, which involves both the
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Fig.6 Stimulation of stem-like cells derived from the glioma cell
lines T98G and U251MG with TMZ (500 uM, 48 h). Induction is
shown as n-fold expression in comparison to the solvent control
treated with equal volumes of DMSO. The relative mRNA expression
change of stimulated spheroids in comparison to their corresponding
unstimulated spheroids was calculated as n-fold regulation treated/
untreated =2ACr unstimulated—ACy stimulated - §imylations were performed
in n=3 independent experiments. If the Cy value of one fraction was
below the detection limit after 41 PCR cycles, the relative expression
was calculated using this detection limit. In case of being undetect-
able, this was marked as “n.d.” (not detectable). A two-tailed paired
Student’s ¢ test was used for statistical analysis. Stars are indicat-
ing the following: ***p <0.001; **p<0.01; *p<0.05. TMZ led to
a significant induction of all NKG2DL in spheroids derived from
T98G (left part). Concerning spheroids derived from U251MG, we
observed a significant upregulation of MICA, MICB, and ULBP2
(right part). As already seen in unstimulated spheroids derived from
U251MG, ULBP1 was not detectable (n.d.)

NKG2D-receptor and the T-cell receptor (Chitadze et al.
2017) and could result in enhanced elimination of the tumor
cell. On the other hand, an elevation of NKG2DL surface
expression might lead to enhanced shedding of the ligands,
which results in reduction of ligand density on the tumor
cell surface, downregulation of NKG2D receptor density on
effector cells, and blockage of the NKG2DR-binding site for
surface expressed NKG2DL. Possibly, these mechanisms are
also relevant for TMZ-upregulated NKG2DL expression in
glioma stem-like cells, contributing to more anti- or pro-
tumorigenic properties of upregulated NKG2DL in these
special glioma subpopulations. However, it has to be taken
into account that several agents used in classical chemother-
apies or radiotherapies cause DNA damage, which is one of
the pathways of induction of NKG2DL (Gasser et al. 2005).
It has to be evaluated, if this is the only reason for the induc-
tion of NKG2DL expression after stimulation with TMZ or
if there might exist a more specific pathway. TMZ-induced
upregulation of NKG2DL following a chemotherapy with
TMZ in GBM might be of high clinical importance, since
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patients might respond differentially to yet experimental
immunotherapies.

In summary, the role of NKG2DL in glioma stem cells
is complex. In solid glioblastomas, NKG2DL are found in
a subset of tumor cells that coexpress some but not all of
the investigated embryonic and neural stem cell markers,
whereas stem cell like cells derived from glioma cell lines
express NKG2DL and show a heterogeneous picture con-
cerning NKG2DL and stem cell marker expression, depend-
ing on the cell line. Stimulation with TMZ leads to an upreg-
ulation NKG2DL in generated glioma stem-like cells. All
in all, as stem cell like cells derived from glioma cell lines
tend to show a higher expression of NKG2DL than differ-
entiated tumor cells in vitro, the NKG2D system might play
an important role in regulation of tumor stem cell survival.
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