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Summary

Glioblastoma is the most aggressive primary brain tumor. Slowly dividing and therapy-resistant glioblastoma stem cells
(GSCs) reside in protective peri-arteriolar niches and are held responsible for glioblastoma recurrence. Recently, we
showed similarities between GSC niches and hematopoietic stem cell (HSC) niches in bone marrow. Acute myeloid
leukemia (AML) cells hijack HSC niches and are transformed into therapy-resistant leukemic stem cells (LSCs). Current
clinical trials are focussed on removal of LSCs out of HSC niches to differentiate and to become sensitized to chemotherapy.
In the present study, we elaborated further on these similarities by immunohistochemical analyses of |7 biomarkers in
paraffin sections of human glioblastoma and human bone marrow. We found all 17 biomarkers to be expressed both in
hypoxic peri-arteriolar HSC niches in bone marrow and hypoxic peri-arteriolar GSC niches in glioblastoma. Our findings
implicate that GSC niches are being formed in glioblastoma as a copy of HSC niches in bone marrow. These similarities
between HSC niches and GSC niches provide a theoretic basis for the development of novel strategies to force GSCs
out of their niches, in a similar manner as in AML, to induce GSC differentiation and proliferation to render them more
sensitive to anti-glioblastoma therapies. (] Histochem Cytochem 68:33-57, 2020)
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Introduction is, molecular mechanisms that retain GSCs in these
protective niches, is required for the development of

Glioblastoma is the most aggressive primary brain 0| therapeutic strategies targeted against GSCs.

tumor with poor patient survival, which is at least partly
due to a small subpopulation of glioblastoma cells,
glioblastoma stem cells (GSCs). GSCs are localized in Received for publication March 25, 2019; accepted August 29, 2019.
niches where they are maintained as slowly dividing
cells, which results in resistance to therapy.'® It has
bee.n hyp_OtheSIZed that forcmg GSCs (?Ut of their pro__ Cornelis J.F. Van Noorden, Department of Genetic Toxicology and
tective niches has therapeutic potential, because it Cancer Biology, National Institute of Biology, Ve¢na Pot | I 1, 1000
sensitizes GSCs to irradiation and chemotherapy.  Ljubljana, Slovenia.

Understanding of the functioning of GSC niches, that E-mail: c.j.vannoorden@nib.si
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In previous studies, we demonstrated that GSC
niches are hypoxic and peri-arteriolar, where GSCs
are localized adjacent to the tunica adventitia of a
small subset of arterioles in hypoxic areas in glioblas-
toma tumors.6-2 Hypoxia is one of the prime conditions
for stem cell maintenance.'®-'2 In addition, we showed
that similar chemoattractive proteins are expressed in
GSC niches and in hematopoietic stem cell (HSC)
niches in normal human bone marrow, such as che-
moattractants stromal-derived factor-1a (SDF-1a) and
osteopontin (OPN) and their receptors C-X-C receptor
type 4 (CXCR4) and CD44, respectively, that are
involved in retention of stem cells in niches.6-°

In acute myeloid leukemia (AML), the interactions
between chemoattractants and their receptors are
involved in homing of leukemic cells in HSC niches,
where they become quiescent and chemo-resistant leu-
kemic stem cells (LSCs). Ongoing clinical trials are aimed
at mobilization of LSCs out of HSC niches to induce LSC
differentiation, proliferation, and thus sensitization to che-
motherapy.'3' Similar treatment strategies are a promis-
ing approach for anti-glioblastoma therapies. Therefore,
this comparative study between HSC niches in human
bone marrow and GSC niches in human glioblastoma
has been performed to understand the morphological
functional features of both niche types.

In bone marrow, mesenchymal stem cells (MSCs)
are important for the maintenance of slowly dividing or
quiescent HSCs in niches, by producing and secreting
multiple chemoattractants, including essential HSC
niche factors.'®1® MSCs can differentiate into osteo-
blasts, adipocytes, chondrocytes, and smooth muscle
cells in human bone marrow.'® Bone marrow—derived
MSCs infiltrate glioblastoma tumors and are involved
in tumor progression. Our previous studies have shown
that MSCs have high affinity for glioblastoma tumors,
resulting in tumor progression.’”'8 In addition, MSCs
increase the self-renewal capacity of GSCs as well as
invasion and proliferation of GSCs in vitro.'®22 MSCs
expressing CD105 have been detected around arteri-
oles in glioblastoma.?®* MSCs are known to produce
and secrete multiple chemoattractants, such as SDF-
10,202425 which we identified as an important GSC
niche factor in our previous studies.5-%13 Therefore,
bone marrow—derived MSCs may be important play-
ers in GSC niches in glioblastoma to maintain GSCs in
their protective niches.

In the present study, we aimed to determine whether
GSC niches in glioblastoma are a functional mimic of
normal HSC niches in human bone marrow. In addition,
we aimed to localize bone marrow—derived MSCs in
both niche types. We performed this study using fluo-
rescence and chromogenic immunohistochemistry on
paraffin sections of human glioblastoma samples and

human sternum and rib samples. To the best of our
knowledge, this is the first human bone marrow study
where HSC niches are demonstrated, confirming HSC
niche studies in bone marrow that have been conducted
in mouse models. Seventeen biomarkers were stained
to define HSC niches and GSC niches. Smooth muscle
actin (SMA) was stained to detect the smooth muscle
cell layer of arteriolar walls.”® As HSC biomarkers, we
used CD150%-2° and CD1333%-%2 and as biomarker for
hematopoietic  progenitor cells, CD244 was
stained.?6:29.33 CD133%9:34-36 gnd SOX2%7-40 were used
to detect GSCs. We stained for the chemoattractive pro-
teins SDF-1a. and OPN and their receptors, CXCR4 and
CD44, respectively.”124142 |n addition, antibodies
against CD105, CD73, and stromal factor-1 (STRO-1)
were applied to detect MSCs.2343-45 To confirm hypoxic
conditions, we included staining of hypoxia-induced fac-
tor (HIF)-1a, HIF-2a, and vascular endothelial growth
factor (VEGF).6-846-49 VEGF receptor 2 (VEGFR2) and
phosphorylated epidermal growth factor receptor
(p-EGFR) have been included as these receptors have
been found to be highly elevated in GSCs in
glioblastoma.50-54

Materials and Methods
Cell Culture

Human NCH421k GSCs55:56 were a generous gift from
Prof. Dr. Christel Herold-Mende (Heidelberg University,
Heidelberg, Germany) and were cultured in neuro-
basal medium (Gibco Life Technologies, Carlsbad,
CA, USA) containing 1% penicillin/streptomycin
(Sigma-Aldrich, St. Louis, MO, USA), 1% L-glutamine
(Sigma-Aldrich), 2% B27, 0.08% b-fibroblast growth
factor (bFGF; Gibco), 0.01% endothelial growth factor
(EGF; Gibco), and 0.01% heparin (Sigma-Aldrich) at
37C in a 5% CO, incubator.

Human bone marrow-derived MSCs were obtained
from Lonza Bioscience (Walkersville, MD USA; Lot
number 6F4393). MSCs were cultured in Dulbecco’s
medium (DMEM 5921; Sigma-Aldrich) containing 10%
fetal bovine serum (Gibco), 100 U penicillin (Thermo
Fisher Scientific, Waltham, MA, USA), 1000 U strepto-
mycin (Thermo Fisher Scientific), 2 mM L-glutamine
(Thermo Fisher Scientific), sodium-pyruvate (Gibco),
and nonessential amino acids (Sigma-Aldrich).

Fluorescence Immunocytochemistry on Human
Bone Marrow-derived MSCs and Human GSCs

MSCs were cultured on glass slides in an incubator at
37C. On each glass slide, 500,000 cells were seeded.
One million NCH421k GSCs were put in Eppendorf
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tubes as spheroids and the immunostaining procedure
was performed in Eppendorf tubes in order to maintain
the 3D structure of the spheroids. Cells were fixed in
4% paraformaldehyde (Merck, Darmstadt, Germany)
for 10 min, followed by a washing step using phos-
phate-buffered saline (PBS; Gibco) containing 1%
bovine serum albumin (BSA; Sigma-Aldrich). Cells
were permeabilized, and non-specific background
staining was reduced by incubating cell preparations
in PBS containing 10% normal goat serum (Dako
Glostrup, Denmark) and 0.1% Triton-X (Sigma-Aldrich)
for 1 hr at room temperature (RT). Cells were incu-
bated overnight at 4C with primary antibodies diluted
in PBS containing 1% BSA (Sigma-Aldrich), as indi-
cated in Tables 1 and 2. Cells were washed 3 times
using PBS containing 1% BSA.

Alexa Fluor 488-conjugated goat anti-rabbit anti-
bodies (Life Technologies) and Alexa Fluor 546-conju-
gated goat anti-mouse antibodies (Thermo Fisher
Scientific) were used as secondary antibodies in a
dilution of 1:200 in PBS containing 1% BSA for 1 hr at
RT. Cells were washed in PBS, followed by nuclear
counterstaining using 4',6-diamidino-2-phenylindole
(DAPI; Sigma-Aldrich) in PBS for 5 min at RT. Cells
were washed in PBS for 5 min and coverslipped using
Prolong Gold mounting medium (Life Technologies).
Control incubations were performed in the absence of
primary antibodies.

Bone Marrow Samples

Four sternum and rib samples were obtained through the
body donation program from the Department of Medical
Biology, Section Clinical Anatomy and Embryology, of
the Amsterdam UMC at the location Academic Medical
Center in The Netherlands. The bodies from which the
samples were taken were donated to science in accor-
dance with Dutch legislation and the regulations of the
medical ethical committee of the Amsterdam UMC at the
location Academic Medical Center. The samples were
decalcified using 11% ethylenediaminetetraacetic acid
(EDTA; Thermo Fisher Scientific) in distilled water, pH
72, for 21 days and the decalcification buffer was
refreshed every 3 days. The sternum and rib samples
were formalin-fixed and embedded in paraffin at the
Pathology Department of the Amsterdam UMC at the
location Academic Medical Center in The Netherlands
and 5-pym paraffin sections were provided.

Glioblastoma Samples

Glioblastoma biopsies were obtained from glioblas-
toma patients who were operated at the Department of
Neurosurgery, University Medical Center of Ljubljana,

Slovenia. The study was approved by the National
Medical Ethics Committee of the Republic of Slovenia
(approval no. 0120-190/2018/4). Altogether, 10 patients
with glioblastoma (World Health Organization [WHQ]
glioma grade 1V) were included. Tumor diagnoses were
established by standard histopathology protocols at the
Institute of Pathology of the Medical Faculty, University
of Ljubljana. Formalin-fixed, paraffin-embedded tissue
was used for immunohistochemical analyses. Clinical
data of the glioblastoma patients are shown in Table 3.

Fluorescence Immunohistochemistry Using
Human Bone Marrow and Glioblastoma Paraffin
Sections

Paraffin sections (5 ym thick) of human bone marrow
and glioblastoma were stored at RT until use. Dewaxing
was performed by incubation of the sections in xylene
(VWR Chemicals, Atlanta, GA, USA) for 5 min and
rinsing in 100%, 96% and 70% ethanol (Merck),
respectively.

Antigen-retrieval was performed in a microwave
using 100 mM citrate buffer containing 0.1% Triton-X,
pH 6.0, for 20 min at 98C, followed by cooling down for
20 min and a washing step in PBS.5”

Sections were encircled with a PAP pen (Dako) and
incubated with PBS containing 10% normal goat
serum (Dako) and 0.1% Triton-X for 1 hr at RT to
reduce non-specific background staining and for per-
meabilization of the sections. Sections were subse-
quently incubated overnight at 4C with primary
antibodies diluted in PBS containing 1% BSA, as indi-
cated in Table 1. Sections were washed 3 times using
PBS containing 1% BSA.

Alexa Fluor 488-conjugated goat anti-rabbit anti-
bodies and Alexa Fluor 546-conjugated goat anti-
mouse antibodies were used as secondary antibodies
in a dilution of 1:200 in PBS containing 1% BSA for
1 hr for 1 hr at RT. Sections were then washed in PBS,
followed by nuclear counterstaining using DAPI in PBS
for 5 min at RT. Next, sections were washed in PBS for
5 min and coverslipped using Prolong Gold mounting
medium. Afterwards, sections were sealed with nailpo-
lish and dried overnight. Control incubations were per-
formed in the absence of primary antibodies.

Chromogenic Immunohistochemistry Using
Human Bone Marrow and Glioblastoma Paraffin
Sections

Paraffin sections (5 pm thick) of human bone marrow
and glioblastoma were stored at RT until use.
Dewaxing was performed by incubation of the
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Table I. Details of Primary Antibodies Used for Fluorescence Immunohistochemistry.

Primary Antibody
Dilution in PBS + 1%
BSA for Fluorescence

Primary Antibody Source IHC Protein Function/Characteristics

Mouse anti-human SMA Dako? (1A4) 1:200 Expressed by smooth muscle cells of
arterioles and venules, myofibroblasts,
and pericytes

Rabbit anti-human CD 150 Invitrogen® (PA5-21123) 1:100 Biomarker to detect HSCs

Mouse anti-human CD244 Invitrogen (PA5-47054) 1:100 Biomarker to detect hematopoietic
progenitor cells

Rabbit anti-human CD133 Abcame (ab19898) 1:100 Biomarker to detect GSCs in
glioblastoma

Mouse anti-human SOX2 Abcam (ab171380) 1:50 Transcription factor expressed in GSCs
in glioblastoma

Rabbit anti-human SDF-la Abcam (ab9797) 1:200 Chemoattractant for CXCR4-positive
(stem) cells

Rabbit anti-human CXCR4 R&D Systems¢ 1:30 G-protein-coupled receptor that

clone 44716 (MAB172) interacts with ligand SDF-la

Rabbit anti-human OPN Abcam (ab8448) 1:100 Chemoattractant for CD44-positive
cells

Mouse anti-human CD44 Biorade (MCA2504) 1:100 Receptor that interacts with ligand
OPN

Rabbit anti-human CD 105 Abcam (ab27422) Prediluted Surface biomarker to detect MSCs

Mouse anti-human CD73 Abcam (ab54217) 1:100 Surface biomarker to detect MSCs

Mouse anti-human STRO-I Life Technologiesf (398401) 1:100 Surface biomarker to detect MSCs and
other stromal cells

Mouse anti-human HIF-la Abcam (ab8366) 1:100 Transcription factor expressed in cells
in hypoxic conditions

Rabbit anti-human HIF-2a Abcam (ab109616) 1:100 Transcription factor expressed in cells
in hypoxic conditions

Rabbit anti-human VEGF Santa Cruzs Biotechnology 1:50 Inducer of angiogenesis, upregulates

(sc-152) SDF-1a, CXCR4, OPN, and CD44 in

glioblastoma and bone marrow

Mouse anti-human VEGFR2 ReliaTech" (101-M34) 1:100 Receptor differentially elevated in GSCs
in glioblastoma

Mouse anti-human phospho-EGFR  Merck Millipore' (05-1004) 1:100 Receptor differentially elevated in GSCs

(Tyr1173)

in glioblastoma

Abbreviations: PBS, phosphate-buffered saline; BSA, bovine serum albumin; IHC, immunohistochemistry; SMA, smooth muscle actin; HSC,
hematopoietic stem cell; GSC, glioblastoma stem cell; SOX2, sex determining region Y-box 2; SDF-1q., stromal—-derived factor-1o; CXCR4, C-X-C
chemokine receptor type 4; OPN, osteopontin; MSC, mesenchymal stem cell; STRO-1, stromal factor-I; HIF, hypoxia-induced factor; VEGF, vascular
endothelial growth factor; VEGFR2, vascular endothelial growth factor receptor 2; EGFR, epidermal growth factor receptor.

3Dako, Glostrup, Denmark.

bInvitrogen, Waltham, MA, USA.

cAbcam, Cambridge, UK.

9R&D Systems, Minneapolis, MN, USA.
eBiorad, Hercules, CA, USA.

fLife Technologies, Carlsbad, CA, USA.
8Santa Cruz Biotechnology, Dallas, TX, USA.
"ReliaTech, Wolfenbiittel, Germany.

iMerck Millipore, Burlington, MA, USA.

sections in xylene for 10 min and rinsing in 100%
ethanol. The sections were treated with 100% metha-
nol (Merck) containing 0.3% H,O, (Merck) for 10 min
to block endogenous peroxidase activity to reduce
non-specific background staining, followed by a
washing step in distilled water.

Antigen-retrieval was performed in a heating Lab
Vision PT Module (Thermo Fisher Scientific) using
100 mM citrate buffer, pH = 6.0, for 20 min at 98C, and
afterwards cooling down for 20 min followed by a
washing step in distilled water and 3 washing steps of
5 min each using TBS containing 0.1% Triton-X.57
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Table 2. Details of Primary Antibodies Used for Chromogenic Immunohistochemistry.

Primary Antibody Source Primary Antibody Dilution in PBS + 1% BSA
Mouse anti-human SMA Dako? (1A4) 1:2000

Rabbit anti-human CD150 Invitrogen® (PA5-21123) 1:200

Mouse anti-human CD133 Miltenyi Bioteche (130-092-395) 1:20

Abbreviations: PBS, phosphate-buffered saline; BSA, bovine serum albumin; IHC, immunohistochemistry; SMA, smooth muscle actin.

2Dako; Glostrup, Denmark.
blnvitrogen, Waltham, MA, USA.
Miltenyi Biotech, Bergisch Gladbach, Germany.

Sections were encircled with a PAP pen and incu-
bated with TBS containing 3% normal goat serum
(Dako) and 0.1% Triton-X for 1 hr to further reduce
non-specific background staining and for permeabili-
zation of the sections. Sections were incubated over-
night at 4C with primary antibodies diluted in normal
antibody diluent  (Immunologic, Duiven, The
Netherlands) as indicated in Table 2. Sections were
washed 3 times using TBS.

Sections were incubated with secondary horserad-
ish peroxidase antibodies (goat-anti mouse or goat
anti-rabbit) for 1 hr at RT, followed by 3 washing steps
of 5 min each using TBS. Next, sections were incu-
bated with either 3,3’-diaminobenzidine (DAB; Dako)
or aminoethyl carbazole (AEC; Vector Laboratories,
Burlingame, CA, USA) for 10 min, followed by one
washing step with tap water to stop the peroxidase
activity. Sections were then incubated for 30 s in
hematoxylin (Sigma-Aldrich) for nuclear counterstain-
ing and placed in running tap water for 5 min and then
in distilled water. Sections were dehydrated by dipping
in 70%, 96%, and 100% ethanol and dipping in xylene
3 times, respectively. Finally, sections were covered
with the synthetic mountant Pertex (Histolab, Gétenburg,
Sweden).

Control incubations were performed either in the
absence of the primary antibody or in the presence of
rabbit serum or mouse serum in the same dilution as
the primary antibody to determine the effect of serum
on non-specific background staining.

Hematoxylin-eosin (HE) Staining

For HE staining, human bone marrow and glioblastoma
paraffin sections were dewaxed in xylene and 100%
ethanol. Sections were fixed with freshly-prepared
Formol-Macrodex (4% formaldehyde, 7.2 mM CaCl,
0.12 M Dextran-70, 0.12 M NaCl, and 7.96 mM CaCQO,)
for 10 min, followed by a washing step in distilled water
for 5 min. Nuclei were stained with hematoxylin for 30
s and then, sections were placed in running tap water
for 5 min, after which the sections were placed in

distilled water. Sections were then stained with eosin
(Merck) for 20 s, dipped 5 times in distilled water, 15
times in 70% ethanol, 15 times in 96% ethanol, and 10
times in 100% ethanol. Afterwards, sections were
rinsed 3 times for 5 min in xylene. The sections were
covered with Pertex. All steps were performed at RT.

Imaging

Fluorescence imaging was performed using a Nikon
Eclipse Ti-E inverted microscope (Nikon Instuments,
Melville, NY, USA) and the Nikon NIS-Elements AR
4.13.04 software. Fluorescence staining patterns of the
glioblastoma sections and bone marrow sections were
analyzed by three independent observers (VVVH, BB,
and CJFVN).

Fluorescence staining of GSCs in 3D spheroids
was imaged using a confocal microscope (Leica DFC
7000 T, Wetzlar, Germany). Staining patterns were
analyzed by 4 independent observers (VVVH, BB, MV,
and CJFVN).

Chromogenic IHC-stained sections were analyzed
using light microscopy and images were taken using
an Olympus BX51 microscope (Olympus, Tokyo,
Japan), and the Olympus cellSense Standard soft-
ware. Staining patterns were analyzed by four inde-
pendent observers (VVVH, ALJ, MK, and CJFVN).

Quantitative Image Analysis of GSC Niches and
HSC Niches

In order to obtain quantitative data, image analysis
was performed on the images of glioblastoma and
bone marrow, using ImageJ software in 5 steps.5859

1. Of every GSC niche, the images with CD133-
SOX2-DAPI staining were analyzed. The total
number of cells was counted using the DAPI
staining.

2. All CD133-SOX2-positive cells (GSCs) were
counted and the percentage of GSCs was
calculated.
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Table 3. Clinical Data of the 10 Glioblastoma Patients.

Age at the Time Overall

Patient Therapy (Radio- or Chemotherapy With  of Operation Survival IDHI RI32H p53 Mutation

Number Gender Temozolomide) (Years) (Months) Mutation (Yes/No) (Yes/No)

| M Radiotherapy (60 Gy) + temozolomide, 46 16 No Yes
adjuvant temozolomide therapy

2 M Radiotherapy (60 Gy) + temozolomide, 43 20 Yes Yes
adjuvant temozolomide therapy

3 M Radiotherapy (60 Gy) + temozolomide, 54 3 No n
without adjuvant temozolomide therapy

4 M Radiotherapy (60 Gy) + temozolomide, 55 26 No No
adjuvant temozolomide therapy

5 M Radiotherapy (60 Gy) + temozolomide, 66 8 No n
adjuvant temozolomide therapy

6 F Radiotherapy (60 Gy) + temozolomide, 59 16 No n
without adjuvant temozolomide
therapy

7 M Radiotherapy (60 Gy) + temozolomide, 62 17 No No
adjuvant temozolomide therapy

8 M Radiotherapy (30 Gy), adjuvant 71 12 No No
temozolomide therapy

9 M Radiotherapy (60 Gy) + temozolomide, 22 56 No No
adjuvant temozolomide therapy

10 n n n n No n

Abbreviations: IDHI, isocitrate dehydrogenase |; M, male; F, female; n, not known.

3. Of every GSC niche, the images with CD105-
DAPI staining were analyzed. Again the total
number of cells (DAPI) were counted and
CD105-positive cells (MSCs) were counted and
the percentage of MSCs was calculated.

4. For HSC niches in bone marrow, image analysis
was also performed using steps 1-3. The only
difference was that CD133 and CD150 were
used as markers for the detection of HSCs.

5. Statistical analysis (one-way ANOVA test) was
performed to determine whether there is a sig-
nificant difference between the percentage of
GSCs in N=13 GSC niches and the percentage
of HSCs in N=16 HSC niches. In addition, it was
determined whether there is a significant differ-
ence between the percentage of MSCs in N=13
GSC niches and percentage of MSCs in N=16
HSC niches. Data were processed in Excel 2013
(Microsoft, Redmond, WA, USA) and GraphPad
Prism 6 (La Jolla, CA USA). p values < 0.05 were
considered to indicate significant differences.

Results

Structural Characteristics of Human Bone
Marrow and Glioblastoma

To assess the morphological structures and characteris-
tics of bone marrow, HE staining of bone marrow tissue

sections was analyzed. In bone marrow, arterioles were
found near bone, whereas sinusoids were found at a
distance from bone (Fig. 1A-C). Chromogenic staining
using DAB or AEC as chromogens showed that smooth
muscle cells in the tunica media of the arteriolar wall
expressed SMA (Fig. 1D) and that HSCs expressing
CD150 were localized around SMA-positive arterioles
(Fig. 1E). In glioblastoma sections, similar patterns were
recognized, as CD133-positive GSCs were always
found to be localized in niches adjacent to the tunica
adventitia of arterioles (Fig. 1F). The only difference
between HSC niches and GSC niches was the thick
layer of HSCs in a larger area around arterioles in bone
marrow (Fig. 1E) and a thin layer of GSCs around arteri-
oles in glioblastoma (Fig. 1F). Therefore, we aimed to
determine in more depth the similarities of HSC niches
in bone marrow and GSC niches in glioblastoma.

HSCs and GSCs Are Localized in Peri-arteriolar
Hypoxic Niches

Next, we determined whether HSCs and GSCs are
exclusively localized around arterioles in bone marrow
and glioblastoma, respectively. In bone marrow, HSCs
expressing CD133 on the cell surface and CD150 both
on the cell surface and in the cytoplasm were found to
be localized around SMA-positive arterioles (Fig. 2A—
C). In glioblastoma, GSCs expressing CD133 on the
cell surface and SOX2 in the nuclei were localized
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Figure |. Histological HE staining and chromogenic immunohistochemical staining of SMA, CD 150, and CD 133 in paraffin sections of
human bone marrow (A-E) and human glioblastoma (F) with DAB (D, E) and AEC (F) as chromogens. HE staining shows an arteriole (a)
in the periphery of bone marrow adjacent to bone (b), whereas sinusoids (s) are localized at distance from bone (A-C). SMA is expressed
in smooth muscle cells in the tunica media (tm) in the wall of an arteriole (a) adjacent to bone (b) in bone marrow marrow (D). CD150
is expressed as biomarker of HSCs (arrows) around the arteriole (a) near bone (b) in bone marrow (E). The GSC biomarker CD133 is
expressed in cells adjacent to the tunica adventitia (ta) of an arteriole (a) in glioblastoma (F). Cell nuclei are counterstained in blue-purple
with hematoxylin. Scale bars A, B, and D = 100 pm. Scale bars C, E, and F = 50 um. Abbreviations: HE, Hematoxylin-eosin; SMA, smooth
muscle actin; AEC, aminoethyl carbazole; DAB, 3,3’-diaminobenzidine; a, arteriole; s, sinusoid; HSC, hematopoietic stem cell; tm, tunica

media; GSC, glioblastoma stem cell; ta, tunica adventitia.

around SMA-positive arterioles (Fig. 2D and E). CD133
and CD150 expression was also detected in endothe-
lial cells and smooth muscle cells in the arteriolar walls
in bone marrow and glioblastoma (Fig. 2A-C and E).
The cells positive for CD133, CD150, and SOX2 adja-
cent to the tunica adventitia of arterioles indicate the
presence of HSC and GSC niches both in bone mar-
row and glioblastoma, respectively. In bone marrow,
CD150 and CD133 were exclusively expressed around
arterioles. In glioblastoma, CD133 was exclusively
expressed adjacent to the tunica adventitia of arteri-
oles, whereas SOX2 was also expressed in cells away
from peri-arteriolar niches. Sixteen HSC niches were
found in serial sections of bone marrow of 4 sternum
and rib samples and 13 GSC niches were found in
serial sections of 10 glioblastoma samples.
Peri-arteriolar HSC niches were hypoxic as HIF-1a
and HIF-2a (Fig. 2F) were expressed in cells around
the arterioles. HIF-1a was strongly expressed in the
arteriolar wall, whereas HIF-2a. was more abundantly
expressed in cells around the arteriolar wall. A subset
of cells around the arteriolar wall expressed both HIF-
1o and HIF-2a (Fig. 2F). VEGF was widely expressed
throughout the bone marrow tissue sections (Fig. 2G).

GSC niches were also found to be hypoxic, as HIF-
1o, HIF-2a, and VEGF were abundantly expressed in
cells around arterioles and in the wall of arterioles as
well (Fig. 2H and I). HIF-2a was more abundantly
expressed in cells around arterioles than HIF-1q,
which was more abundantly expressed in arteriolar
walls. A subset of cells around arterioles expressed
both HIF-1a and HIF-2a (Fig. 2H). VEGF was widely
expressed throughout the glioblastoma tissue sections
(Fig. 21). Collectively, these data demonstrate that HSC
niches in bone marrow and GSC niches in glioblas-
toma are peri-arteriolar and hypoxic.

Chemoattractive Proteins in Peri-arteriolar HSC
Niches and Peri-arteriolar GSC Niches

We determined whether the chemoattractants SDF-
1a and OPN and their receptors CXCR4 and CD44,
respectively, were expressed in HSC niches in bone
marrow and GSC niches in glioblastoma. In bone
marrow, CD150-positive HSCs also expressed the
receptor CXCR4 on their surface (Fig. 3A). CD150
and CXCR4 were co-localized in peri-arteriolar
niches (Fig. 3A) where the chemoattractant SDF-1a
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Figure 2. Fluorescence immunohistochemical staining of hypoxic peri-arteriolar HSCs in human bone marrow (A-C, F, G) and hypoxic
peri-arteriolar GSCs in human glioblastoma (D, E, H, I). Yellow rectangle in A is enlarged in B and C. CD133-expressing HSCs are
localized around a SMA-positive arteriole (a) adjacent to bone (b) in bone marrow (B, yellow arrows). CD133 is also expressed in
endothelial cells and smooth muscle cells of the arteriolar wall (A, B). CD|50-positive HSCs are localized around the arteriole adjacent
to bone in bone marrow (C, yellow arrows). CD 150 expression is detected in endothelial cells and smooth muscle cells in the wall of
the arteriole (C). SMA is expressed in smooth muscle cells in the tunica media (tm) of the arteriolar wall in glioblastoma (D). GSCs
express CD133 and SOX2 and are localized adjacent to the tunica adventitia (ta) of the arteriole (a) in glioblastoma (E, yellow arrows).
HIF-1a is abundantly expressed in the arteriolar wall in bone marrow (F). HIF-2a. is highly expressed in HSCs in a HSC niche (F). A
subset of HSCs express both HIF-1a and HIF-2a (F, yellow arrows). VEGF is abundantly expressed throughout bone marrow (G). HIF-
I o is abundantly expressed in the arteriolar wall in glioblastoma (H). HIF-2a is highly expressed in GSCs (H, yellow arrows). VEGF is
abundantly expressed throughout glioblastoma (l). Nuclear counterstaining with DAPI (blue). Scale bar = 100 pm. Abbreviations: HSC,
hematopoietic stem cell; GSC, glioblastoma stem cell; SMA, smooth muscle actin; tm, tunica media; SOX2, sex determining region Y-box
2; ta, tunica adventitia; DAPI, 4’,6-diamidino-2-phenylindole; HIF, hypoxia-induced factor; VEGF, vascular endothelial growth factor.



Similarities Between GSC Niches and HSC Niches

4|

was abundantly expressed as well (Fig. 3B). CXCR4
was widely expressed on a variety of cell types,
including HSCs throughout bone marrow. In glioblas-
toma, CD133-positive and SOX2-positive GSCs
were also expressing CXCR4 and were found in
SDF-1a-rich niches (Fig. 3C and D). SDF-1a was
expressed intracellularly and extracellularly, also in
endothelial cells and smooth muscle cells of arterio-
lar walls (Fig. 3B and D).

In vitro, patient-derived GSCs that grow in 3D
spheroids, expressed CD133, SOX2, and CXCR4 (Fig.
3E and F), indicating that GSCs in vivo in glioblastoma
indeed express CD133, SOX2, and CXCRA4.

HSCs are known to express receptor CD44 that
enables homing into HSC niches.®60-62 |n bone mar-
row, CD150-positive HSCs expressed receptor CD44
on their surface (Fig. 4A) as well as its ligand and che-
moattractant OPN. OPN was also expressed in endo-
thelial cells and smooth muscle cells of arteriolar walls
(Fig. 4B). In glioblastoma, CD44 was found to be
expressed by GSCs, but also by differentiated glioblas-
toma cells. OPN was found to be present intracellularly
as well as extracellularly in GSC niches (Fig. 4C).

In conclusion, in both peri-arteriolar HSC niches
and peri-arteriolar GSC niches, the chemoattractants
SDF-1a. and OPN are preferentially expressed in
niches, whereas the receptors CXCR4 and CD44 are
widely expressed throughout bone marrow and glio-
blastoma tumors (Supplementary Fig. 1).

HSCs and Hematopoietic Progenitor Cells Are
Localized in Separate Regions in Bone Marrow

The exclusive presence of HSCs around arterioles was
determined in combination with the localization of hema-
topoietic progenitor cells in bone marrow. Our fluores-
cence immunohistochemical data demonstrated that
CD150-positive HSCs were localized around arterioles
near bone (Fig. 4D), whereas CD244-positive hemato-
poietic progenitor cells were absent in peri-arteriolar
HSC niches near bone (Fig. 4D). The CD244-positive
hematopoietic progenitor cells were localized at a larger
distance from bone, where CD150-positive HSCs (Fig.
4E) and CD133-positive HSCs (Fig. 4F) were absent.
Thus, HSCs are exclusively localized in peri-arteriolar
HSC niches and hematopoietic progenitor cells are
localized at a distance from bone and arterioles.

MSCs in Peri-arteriolar HSC Niches
and Peri-arteriolar GSC Niches

Next, the localization of MSCs was determined in
HSC niches in bone marrow and GSC niches in

glioblastoma, using the potent MSC marker CD105. In
bone marrow, CD105 was exclusively expressed in
MSCs in peri-arteriolar HSC niches (Fig. 5A). CD105
was also expressed in endothelial cells and smooth
muscle cells in arteriolar walls (Fig. 5A). Similarly, in
glioblastoma, CD105-positive MSCs were exclusively
detected adjacent to the arteriolar tunica adventitia in
peri-arteriolar GSC niches (Fig. 5B). CD105 was also
expressed in endothelial cells and smooth muscle
cells in the arteriolar wall in glioblastoma.

MSCs in HSC Niches Bone Marrow

Besides CD105, CD73 and stromal factor STRO-1
have been described as bone marrow—derived MSC
biomarkers.2343-45 CD73 and STRO-1 were not found
to be stained in glioblastoma sections (data not
shown). Figure 5C shows that CD105 and CD73 are
co-localized in MSCs in peri-arteriolar HSC niches.
CD105 and STRO-1 also co-localized in a subset of
MSCs, but STRO-1 was also expressed on other cell
types in bone marrow (Fig. 5D). We confirmed the
expression of CD105 (Fig. 5E), CD73 (Fig. 5F), and
STRO-1 (Fig. 5QG) in vitro, using immunocytochemis-
try of bone marrow—derived MSCs. All three biomark-
ers were strongly expressed by bone marrow—derived
MSCs. CD105 and CD73 were exclusively expressed
in HSC niches, whereas STRO-1 expression was
also detected outside niches.

Bone Marrow-derived MSCs Produce
Chemoattractants SDF-1co. and OPN

MSCs are known to be producers of chemoattractants,
such as SDF-1a and OPN.%3 Therefore, we determined
expression of chemoattractants SDF-1a. and OPN and
their receptors CXCR4 and CD44 in vitro using immu-
nocytochemistry on bone marrow-derived MSCs (Fig.
6E—G) and found high levels of chemoattractants SDF-
1a (Fig. 6E) and OPN (Fig. 6G) and their receptors
CXCR4 (Fig. 6F) and CD44 (Fig. 6G), respectively, in
MSCs. In bone marrow, MSCs were stained for MSC
biomarker CD73 and SDF-1a (Fig. 6A) and MSC bio-
marker STRO-1 and SDF-1a (Fig. 6B). CD73-STRO-1
positive MSCs contained intracellular SDF-1a and
OPN in peri-arteriolar HSC niches (Fig. 6A-D).

P-EGFR and VEGFR Expression in Glioblastoma
and Bone Marrow
The membrane receptors EGFR and VEGFR2 have been

found to be differentially elevated in glioblastoma.50-54
Therefore, staining of activated EGFR, p-EGFR, and
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Figure 3. Fluorescence immunohistochemical staining demonstrates expression of chemoattractant SDF-1 o and its receptor CXCR4
in a peri-arteriolar HSC niche in human bone marrow (A, B) and in a peri-arteriolar GSC niche in glioblastoma (C, D). CD150-CXCR4-
positive HSCs are localized around an arteriole in a niche adjacent to bone (A, yellow arrows). CXCR4 is widely expressed through-
out the bone marrow tissue section (A). Chemoattractant SDF-la is expressed intracellularly in HSCs expressing CXCR4 (B, yellow
arrows), extracellularly in a HSC niche and in endothelial cells and smooth muscle cells in the wall of the arteriole (B). Chemoattractant
SDF-la and its receptor CXCR4 are abundantly expressed in a GSC niche in glioblastoma. CXCR4 is expressed on CD133-SOX2-
positive GSCs (C, yellow arrows). SDF-lo expression is detected intracellularly in GSCs, extracellularly in a GSC niche and in endo-
thelial cells and smooth muscle cells of the arteriolar wall (D). Confocal imaging after immunocytochemical staining demonstrates that
GSCs express CD 133, SOX2 (E), and CXCR4 (F) in vitro in spheroids. DAPI is used for nuclear counterstaining. Scale bar A-D = 100
pum. Scale bar E, F = 50 ym. Abbreviations: SDF-|a, stromal-derived factor-1o; CXCR4, C-X-C receptor type 4; HSC, hematopoietic
stem cell; GSC, glioblastoma stem cell; SOX2, sex determining region Y-box 2; DAPI, 4,’6-diamidino-2-phenylindole.
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Figure 4. Fluorescence immunohistochemical staining demonstrates expression of CD44 on CD|50-positive HSCs (A, yellow arrows).
Chemoattractant OPN and its receptor CD44 are expressed in a peri-arteriolar HSC niche in human bone marrow (B) and in a peri-
arteriolar GSC niche in glioblastoma (C). Chemoattractant OPN is expressed intracellularly in HSCs and extracellularly and its receptor
CD44 is abundantly expressed on HSCs in a niche in bone marrow (A, yellow arrows). Chemoattractant OPN is expressed intracellu-
larly and extracellularly and its receptor CD44 is abundantly expressed on GSCs in a GSC niche in glioblastoma (C, yellow arrows). OPN
expression is also detected in endothelial cells and smooth muscle cells in the wall of an arterioles in both bone marrow and glioblastoma
(B, C). CD150-positive HSCs are localized in a HSC niche around an arterioles near bone (D, yellow arrows) and CD244-positive hema-
topoietic progenitor cells are absent in a HSC niche near bone in bone marrow (D). CD244-positive hematopoietic progenitor cells
are detected at distance from bone (E, yellow arrows), where CD150-CD 33 positive HSCs are not detected (E, F). DAPI is used for
nuclear counterstaining. Scale bar = 100 pm. Abbreviations: HSC, hematopoietic stem cell; OPN, osteopontin; GSC, glioblastoma stem

cell; DAPI, 4’,6-diamidino-2-phenylindole.

VEGFR2 was analyzed in glioblastoma and in bone mar-
row (Fig. 7). We found that a subset of CD150-positive
HSCs in bone marrow expressed p-EGFR as well as
VEGFR2 (Fig. 7A and C), but both receptors were also
found on cells outside HSC niches in bone marrow (Fig.
7B and D). In glioblastoma, all CD133-positive GSCs
expressed p-EGFR (Fig. 7G), whereas only a fraction of
CD133-positive GSCs expressed VEGFR2 (Fig. 7F). Both
p-EGFR and VEGFR2 were also found on other cell types
in glioblastoma. VEGFR2 expression was found in cells in
the arteriolar wall in both GSC niches and HSC niches
(Fig. 7C and F). These data show that both p-EGFR and
VEGFR2 are not GSC-specific or niche-specific
receptors.

In Table 4, the localization of all 17 markers in HSC
niches and GSC niches is summarized.

Control Incubations

In all tested conditions, control staining in the
absence of the primary antibodies was negative in

bone marrow sections and glioblastoma sections
(Supplementary Fig. 2). In bone marrow sections,
erythrocytes were stained aspecifically in fluorescence
immunohistochemical experiments (Supplementary
Fig. 2).

Image Analysis of GSC Niches and HSC Niches

Image analysis was performed on all images of 13
GSC niches and 16 HSC niches, using ImageJ soft-
ware, to determine quantitatively whether GSC
niches are similar to HSC niches (Tables 5 and 6).
The quantitative image analysis show that there is
no significant difference in the percentage of
CD133-S0OX2-positive GSCs compared to the per-
centage of CD150-positive HSCs in niches and no
significant difference between the percentage of
CD105-positive MSCs in GSC niches and the per-
centage of CD105-positive MSCs in HSC niches
(Fig. 8). This confirms that GSC niches and HSC
niches are similar.
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Figure 5. Fluorescence immunohistochemical staining demonstrates MSCs in a peri-arteriolar HSC niche in human bone marrow (A)
and in a peri-arteriolar niche in GSC niche in glioblastoma (B). CD 105-expressing MSCs are localized in a peri-arteriolar HSC niche in
bone marrow (A, yellow arrows). CD105-expressing MSCs are localized in a peri-arteriolar GSC niche in glioblastoma (B, indicated
by yellow arrows). CD105 expression is also detected in endothelial cells and smooth muscle cells in the wall of the arterioles (A,
B). CD105 and CD73 are co-localized in bone marrow (C, yellow arrows). CD105-STRO-|-expressing MSCs are localized in a peri-
arteriolar HSC niche in bone marrow (D, yellow arrows). CD105 and STRO-1 are co-localized in bone marrow, but STRO-I is also
expressed in other stormal cells in bone marrow (D). CD105 (E), CD73 (F) and STRO-I (G) are abundantly expressed in vitro in bone
marrow-derived MSCs. DAPI is used for nuclear counterstaining. Scale bar = 100 um. Abbreviations: MSC, mesenchymal stem cell; HSC,
hematopoietic stem cell; GSC, glioblastoma stem cell; STRO-1, stromal factor-1; DAPI, 4’,6-diamidino-2-phenylindole.

Discussion that GSC niches in glioblastoma are similar to HSC
niches in bone marrow, as both types of niches
express biomarkers revealing that they are hypoxic
(Fig. 1), peri-arteriolar (Fig. 1) and contain the same

Our comparison of GSC niches in human glioblas-
toma and HSC niches in human bone marrow showed
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Figure 6. Fluorescence immunohistochemical and immunocytochemical staining shows intracellular expression of chemoattractants
SDF-la and OPN in MSCs in a peri-arteriolar HSC niche in human bone marrow (A-D) and in MSC preparations (E-G). CD73-positive
MSCs express intracellular SDF-1o in bone marrow (A, yellow arrows). STRO-|-positive MSCs express intracellular SDF-1a in bone
marrow (B, yellow arrows). CD73-positive MSCs express intracellular OPN in bone marrow (C, yellow arrows). STRO-| -positive MSCs
express intracellular OPN in bone marrow (D, yellow arrows). Bone marrow-derived MSCs express high levels of SDF-1 o intracellularly
(E), CXCR4 on the cell surface (F), OPN intracellularly and CD44 on the cell surface in vitro (G). DAPI is used for nuclear counter-
staining. Scale bar = 100 pm. Abbreviations: SDF-Ia, stromal-derived factor-1o; OPN, osteopontin; MSC, mesenchymal stem cell; HSC,
hematopoietic stem cell; STRO-1, stromal factor-1; CXCR4, C-X-C receptor type 4; DAPI, 4’,6-diamidino-2-phenylindole.

functional chemoattractive proteins such as SDF-1aq.,

- . An essential aspect of HSC niches is hypoxia.”=%13
CXCR4, OPN, and CD44 (Figs. 3 and 4). Figure 9 . )
illustrates our findings and Table 4 summarizes the Indeed, we demonstrated both in HSC niches and GSC

localization of 17 biomarkers in HSC niches in bone  niches expression of HIF-1o and HIF-2a (Fig. 2F and
marrow and GSC niches in glioblastoma. H). In peri-arteriolar HSC niches in human bone
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Figure 7. Fluorescence immunohistochemical staining showing p-EGFR and VEGFR2 expression in bone marrow (A-D) and glio-
blastoma (E-G). A fraction of CD|50-positive HSCs in HSC niches express p-EGFR and VEGFR2 (A, C) as well as cells outside HSC
niches (B, D). In glioblastoma, a fraction of CD|33-positive GSCs in GSC niches express VEGFR2 (F) whereas all CD133-positive GSCs
exress p-EGFR (G). Both p-EGFR and VEGFR?2 are also expressed in other cell types in glioblastoma. VEGFR2 expression was found
in cells in the arteriolar wall in bone marrow and glioblastoma (C, F). DAPI was used for nuclear counterstaining. Scale bar = 100 pm.
Abbreviations: p-EGFR, phosphorylated epidermal growth factor receptor; VEGFR2, vascular endothelial growth factor receptor 2;
HSC, hematopoietic stem cell; GSC, glioblastoma stem cell; DAPI, 4,’6-diamidino-2-phenylindole.

marrow, hypoxia, and in particular the expression of  OPN, and CD44, stem cell factor, angiopoietin-2, tyro-
HIFs, is crucial for HSC maintenance. HIF-1a is impor-  sine kinase TIE2, thrombopoietin, and its receptor
tant for the upregulation of a plethora of chemoattrac-  MPL.136485 HIF-2¢, is also important for HSC mainte-
tant proteins in HSC niches, such as SDF-1a, CXCR4, nance, as it interacts with transcription factors HIF-1a
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Table 4. Summary of the Localization of 17 Markers in HSC Niches in Bone Marrow and GSC Niches in Glioblastoma.

Exclusively in
(Peri)-arteriolar

Exclusively in (Peri)-

arteriolar GSC

Biomarkers Localization in HSC Niches Localization in GSC Niches HSC Niches Niches
SMA In SMCs (tm) of arterioles In SMCs (tm) of arterioles Yes No
CDI150 On HSCs adjacent to bone around Not expressed Yes Not expressed
arterioles
CD244 On hematopoietic progenitor cells Not expressed No Not expressed
CDI33 On HSCs adjacent to bone around On GSCs adjacent to ta of arterioles Yes Yes
arterioles
SOX2 Not expressed In GSCs adjacent to ta of arterioles Not expressed No
SDF-la In HSCs and MSCs adjacent to bone In GSCs and MSCs adjacent to ta Yes Yes
around arterioles and extracellularly of arterioles and extracellularly in
in niches niches
In ECs and SMCs of arteriolar walls In ECs and SMC:s of arteriolar walls
CXCR4 In HSCs and MSCs In GSCs and MSCs No No
In SMCs and ECs of arteriolar walls In SMCs and ECs of arteriolar walls
OPN In HSCs and MSCs Mainly extracellularly Yes Yes
In ECs and SMCs of arterioles In ECs and SMC:s of arterioles
CD44 Intracellularly in HSCs and MSCs On GSCs No No
CDI05 In MSCs In MSCs Yes Yes
In ECs and SMC:s of arteriolar walls In ECs and SMCs of arteriolar walls
CD73 In MSCs Not expressed Yes Not expressed
In SMCs and ECs of arteriolar walls
STRO-I In MSCs Not expressed No Not expressed
In SMCs and ECs of arteriolar walls
Other stromal cells
HIF-1a In subsets of HSCs In subsets of HSCs No No
In ECs and SMC:s of arterioles In ECs and SMCs of arterioles
HIF-2a Preferentially in HSCs around Preferentially in GSCs around Yes Yes
arterioles arterioles
VEGF Intracellularly in many cell types and Intracellularly many cell types and No No
extracellularly extracellularly
In ECs and SMC:s of arterioles In ECs and SMCs of arterioles
VEGFR2 On a fraction of HSCs, cells in the On a fraction of GSCs, cells in the No No
arteriolar wall, and other cell types in  arteriolar wall, and other cells types
bone marrow in glioblastoma
P-EGFR On a fraction of HSCs and other cells  On GSCs and other cells types in No No

in bone marrow

glioblastoma

Abbreviations: HSC, hematopoietic stem cell; GSC, glioblastoma stem cell; SMA, smooth muscle actin; SMC, smooth muscle cell; tm, tunica media; ta,
tunica adventitia; SOX2, sex determining region Y-box 2; SDF-1a, stromal—derived factor-1a; EC, endothelial cell; CXCR4, C-X-C receptor type 4;
MSC, mesenchymal stem cell; OPN, osteopontin; STRO-I, stromal factor-1; HIF, hypoxia-induced factor; VEGF, vascular endothelial growth factor;
VEGFR?2, vascular endothelial growth factor receptor 2; p-EGFR, phospho-epidermal growth factor receptor.

and MEIS1, resulting in anaerobic glycolysis that HSCs
depend on as a source of energy.-66-68

In peri-arteriolar GSC niches in glioblastoma,
hypoxia induces expression of SOX2, OCT4, and
CD133, which are all GSC biomarkers involved in the
maintenance of GSC stemness."-%834-4069 HIF-1¢, and
VEGF are induced by hypoxia and upregulate SDF-1a.,
CXCR4, OPN, and CD44,1241.70-77 which are involved
in the maintenance of GSCs in niches.?121341 |n glio-
blastoma, HIF-2a is directly associated with the GSC
phenotype by upregulation of SOX2, CD133, and
OCT4 expression,*6.78.79 whereas HIF-1a is involved in

GSC survival besides upregulation of GSC niche fac-
tors.61241 HIF-20. has been shown to be associated
with poor prognosis of glioblastoma patients* and may
be a potential therapeutic target for anti-glioblastoma
therapies. Currently, the HIF-2a inhibitor PT2385 is
tested in a phase |l clinical trial in glioblastoma patients
(ClinicalTrials.gov NCT03216499). Since GSCs selec-
tively express HIF-2a (Fig. 3), targeting of HIF-2a-
positive GSCs may result in a better clinical outcome.
Hypoxic conditions around arterioles can be
explained by the fact that arterioles are transport ves-
sels similar to venules, whereas capillaries are
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Figure 8. Quantitative image analysis data of HSC niches and
GSC niches reveals that both niche types are similar. Quantification
of the percentages of HSCs and MSCs in 16 HSC niches in bone
marrow were compared with the percentages of GSCs and
MSCs in 13 GSC niches in glioblastoma. One-way ANOVA tests
revealed that there were no statistical differences between HSC
niches and GSC niches. Abbreviations: HSC, hematopoietic stem
cell; GSC, glioblastoma stem cell; MSC, mesenchymal stem cell.

exchange vessels. Thus, there is no exchange of oxy-
gen and carbon dioxide between the lumen of arteri-
oles and surrounding tissue and vice versa and thus a
hypoxic condition can be created around arterioles
and venules in both HSC niches in bone marrow and
GSC niches in glioblastoma tumors.6-°

In line with the peri-arteriolar niche as the place to
be for stem cells, we exclusively found HSCs around
arterioles near bone, whereas the hematopoietic pro-
genitor cells were found at distance from bone and
arterioles (Fig. 4D—F). Our data are in line with the
study of Kunisaki et al.,8° demonstrating in mice that
HSCs are preferentially localized near arterioles in
bone marrow.80 HSCs are localized near bone,
because bone-lining osteoblasts are crucial for the
maintenance of HSC stemness via Notch pathways,
transforming growth factor-p (TGF-B) and bone mor-
phogenic protein (BMP) signaling, which results in
retention of HSCs in niches. Osteoblasts retain HSCs
in niches by the secretion of OPN and SDF-1q, that
bind to their receptors CD44 and CXCR4 on HSCs,
respectively. OPN and SDF-1a secretion takes place
under hypoxic conditions via HIF-1a. and VEGF
signaling.13.81-83

Sonic hedgehog (Shh), VEGF, and Notch signaling
are not only important pathways for HSC maintenance,
but also for the maintenance of the arteriolar pheno-
type, which likely explains the localization of HSCs
around arterioles.8' A possible explanation for the
separate localization of HSCs and hematopoietic
progenitor cells was described in our previous report
postulating the concept of the continuous compart-
mentalized HSC niche in human bone marrow.!?
According to our concept, HSCs are localized in peri-
arteriolar subcompartments of niches near bone
around arterioles, which are hypoxic and where levels
of reactive oxygen species (ROS) are low, whereas
progenitor cells are localized in peri-sinusoidal sub-
compartments of niches at a distance from bone,
where ROS levels are higher.'38 This phenomenon
enables HSCs to proliferate and differentiate into pro-
genitor cells around sinusoids to enter the blood circu-
lation. These findings were established in mouse
studies..1.13 Whether the peri-arteriolar and peri-sinu-
soidal subcompartments of HSC niches are indeed
two parts of the same continuum in human bone mar-
row, needs to be elucidated. This hypothesis can be
tested using 3D imaging techniques of human bone
marrow samples after tissue clearing.8586

Mobilization of hematopoietic progenitor cells into
the circulation requires a reduction of chemoattrac-
tants in HSC niches, such as SDF-1a and OPN. This
process is mediated by the activation of multiple prote-
ases in bone marrow, among which the bone resorb-
ing protease cathepsin K (CatK), which is able to
cleave and inactivate SDF-1a..8” CatK has been shown
to be the highest differentially expressed protease in
glioblastoma.888 CatK can degrade and inactivate
SDF-1a by proteolytic cleavages of its N-terminus®
and co-localization of inactive Catk with SDF-1a in
peri-arteriolar GSC niches was detected in our previ-
ous studies.5%90.9" These studies indicate that mobili-
zation of GSCs out of niches in glioblastoma are
mediated by similar mechanisms including activation
of CatK and possibly other cathepsins as in HSC
niches in bone marrow.

MSCs are not well explored as cellular components
of GSC niches. Our study has shown that GSCs and
MSCs in glioblastoma are localized in peri-arteriolar
niches adjacent to the arteriolar tunica adventitia (Fig.
5). The arteriolar tunica adventitia is the place to be for
GSCs and MSCs for a number of reasons. First of all,
the hypoxic environment around arterioles is required
for the maintenance of GSC and MSC stemness.
Second, Shh, VEGF, and Notch signaling are important
for the arteriolar phenotype.892 Exactly these signaling
pathways are crucial for GSC7%% and MSC mainte-
nance,%-100 which may explain the localization of GSCs
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Figure 9. Overview of hypoxic peri-arteriolar HSC niches in bone marrow (A—C) and hypoxic peri-arteriolar GSC niches in gliobas-
toma (D—F). Rectangles in A (salmon and green) indicate peri-arteriolar and peri-sinusoidal regions in bone marrow shown in B and
C, respectively. Rectangles in D (salmon and green) indicate peri-arteriolar and peri-capillary regions in glioblastoma shown in E and F,
respectively. HE staining of human bone marrow (A) shows a peri-arteriolar HSC niche (B) and peri-sinusoidal progenitor cells around
sinusoids (A, C) and HE staining of human glioblastoma (D) shows a peri-arteriolar GSC niche (E) and differentiated glioblastoma cells
around capillaries (F). HSCs express CD 150, CD 133, CXCR4, CD44 and HIF-1/2a and GSCs express CD 133, SOX2 CXCR4, CD44
and HIF-2a.. HSCs and GSCs are localized around SMA-positive arterioles in niches where chemoattractants SDF-1o and OPN are
abundantly and exclusively expressed. SDF-10-CXCR4 and OPN-CD44 facilitate retention of HSCs and GSCs in their niches. MSCs
with intracellular SDF-1o. and OPN express CD 105, CD73 and STRO-1 and are exclusively localized in peri-arteriolar HSC and GSC
niches. VEGF is widely expressed in bone marrow and glioblastoma (B, E). At distance from bone, hematopoietic progenitor cells
expressing CD244, CXCR4 and CD44 are localized around sinusoids (C). Differentiated glioblastoma cells express CXCR4 and CD44
are localized around capillaries (F). Scale bar A =200 pm; scale bar D = 100 pm. Abbreviations: HSC, hematopoietic stem cell; GSC,
glioblastoma stem cell; HE, Hematoxylin-eosin; CXCR4, C-X-C receptor type 4; HIF, hypoxia-induced factor; SOX2, sex determining
region Y-box 2; SMA, smooth muscle actin; SDF- 10, stromal-derived factor-1a; OPN, osteopontin; VEGF, vascular endothelial growth
factor; MSC, mesenchymal stem cell; STRO-I, stromal factor-1; OB, osteoblast; ta, tunica adventitia; tm, tunica media.
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and MSCs around arterioles. Besides SDF-1a and
OPN, MSCs produce a plethora of cytokines when co-
cultured with glioblastoma cells, of which CCL2 (or
MCP-1) was most relevant in our previous study.'® This
was confirmed by Pavon et al.,?" who reported that
CCL2- and SDF-1a-mediated tropism of MSCs toward
CXCR4-positive and CD133-positive cells in glioblas-
toma increased tumor growth in vivo.

MSCs also produce high levels of the cytokine inter-
leukin 6 (IL-6)18 that interacts with co-receptor gp-130 on
GSCs, which activates the signal transducer of activa-
tion 3 (STAT3) pathway in GSCs, so that their stemness
is maintained.2310! |L-6 and STAT3 activation are found
predominantly in the arteriolar tunica adventitia in car
diovascular tissue.'® This may also be the case in glio-
blastoma, explaining why the arteriolar adventitia is the
place to be for MSCs and GSCs.

We show that MSCs are localized in peri-arteriolar
HSC niches (Figs. 5A, C, D, and 6A-D) as well as in
peri-arteriolar GSC niches (Fig. 5B). Our data are in
line with data published by Hossain et al.>> who
showed that CD105-positive MSCs expressing high
levels of SDF-1a are present around arterioles in glio-
blastoma tissue sections. Moreover, MSCs were found
to produce high levels of the chemoattractant OPN
(Fig. 6C, D, G). Therefore, we propose that SDF-1a—
and OPN-producing MSCs attract CXCR4-CD44-
positive GSCs to GSC niches and protect them from
chemotherapy and irradiation, as GSCs are main-
tained in a quiescent state in their niches.

It has been argued that GSC niches cannot be at
distance from endothelial cells. Therefore, it was
doubted that peri-arteriolar niches exist.102-105
However, the physiological HSC niches demonstrate
that this assumption is not correct, as HSC niches are
exclusively present around arterioles. In addition, the
direct contact of endothelial cells with GSCs has been
supported by the notion that endothelial cells secrete
soluble factors that maintain GSC stemness and phe-
notype.”%102-105 However, secreted soluble factors
such as SDF-1a, osteopontin and VEGF are also pro-
duced by other cell types, such as smooth muscle
cells and MSCs, as we show in the present study.

Our image analysis data revealed that the percent-
ages of GSCs and MSCs in GSC niches in glioblas-
toma are similar to the percentages of HSCs and MSCs
in HSC niches in bone marrow (Fig. 8), which strength-
ens the notion that the 2 niche types are indeed similar
and that treatment strategies for AML patients may
also be of benefit for glioblastoma patients. Our finding
that HSC niches and GSC niches are similar provides
a theoretical basis for the development of novel treat-
ment strategies for glioblastoma, as has been done in
AML. In AML, disruption of the SDF-1a-CXCR4 and

OPN-CD44 interactions results in the mobilization of
CXCR4-CD44-positive LSCs out of HSCs niches and
their sensitization to chemotherapy. Phase I/l clinical
trials were performed in AML patients who were treated
with the CXCR4 inhibitor plerixafor (AMD3100) in com-
bination with chemotherapy. Treatment with plerixafor
resulted in a 2-fold increased mobilization of AML cells
to the peripheral blood and a better overall response
rate to chemotherapy, compared to chemotherapy
alone (ClinicalTrials.gov NCT00512252).1314 On the
basis of the similarities between HSC niches in GSC
niches, similar treatment approaches may be clinically
investigated to improve therapy of glioblastoma
patients.

Our data show that all CD133-positive GSCs express
p-EGFR (Fig. 7E and G). EGFR activity and amplifica-
tion has been found to be differentially elevated in
GSCs,5258 which is associated with their resistance to
chemotherapy and radiotherapy.5* EGFR is therefore
an interesting target for the sensitization of GSCs to
therapy besides CXCR4 and CD44. A fraction of CD133-
positive GSCs were shown to express VEGFR2 (Fig.
7F), which has been associated with GSC viability, pro-
liferation, and tumor growth via VEGF-VEGFR2-
neuropilin-1 signaling.5'-1% Furthermore, VEGFR2 plays
a role in vascular mimicry by GSCs, thus their ability to
form tumor vasculature®'97 as is shown in Fig. 7F.
Because only a fraction of CD133-positive GSCs
express VEGFR2, it is not likely that anti-VEGFR2 ther-
apy will be successful.

According to the WHO 2016 classification of glio-
mas, %8 infiltrative gliomas of all histological grades can
be divided into 3 subgroups: IDH1/2-mutant and 1p/199-
non-co-deleted glioblastoma, IDH1/2-mutant and
1p-19g-codeleted glioblastoma and IDH1/2 wildtype
glioblastoma. 0110 Polivka et al."' describe that IDH7-
mutated glioblastoma is associated with lower levels of
VEGF expression than IDH71 wild-type but not with
angiogenesis. In our study, 1 glioblastoma sample was
IDH1 mutated and we did not observe differences in
VEGF levels in this tissue sample as compared with the
9 IDH1 wild-type glioblastoma samples. The expression
of GSC niche-associated markers in our study was sim-
ilar in the IDH1-mutated sample compared to the IDH1
wild-type samples. In our future studies, glioblastoma
samples will be used for which genetic screening has
been performed for IDH1 mutation, EGFR amplifica-
tion, 1p/19-co-deletion, platelet-derived growth factor
receptor (PDGFR) expression, PTEN mutations,
CDKN2A mutations, and ATRX mutations for proper
classification. Subsequently, expression of GSC
niche-associated markers and the metabolic rewiring in
niches of IDH1-mutated glioblastoma samples™2 will be
tested in glioblastoma samples of different subtypes
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for therapeutic targeting.'® This is the first study dem-
onstrating intact HSC niches in human bone marrow to
show that GSC niches in glioblastoma are similar to
HSC niches. Both types of niches are hypoxic, peri-
arteriolar and contain mesenchymal stem cells and the
same functional chemoattractive proteins and their
receptors. This similarity implies that therapeutics in
clinical trials targeted at LSCs in HSC niches can be
tested to target GSCs in their niches in glioblastoma.
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