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Summary. Nestin+cells from spheroid aggregates
display typical histopathological features compatible
with cell stemness. Nestin and CD133+cells found in
glioblastomas, distributed frequently around aberrant
vessels, are considered as potential cancer stem cells.
They are possible targets for antitumoral therapy because
they lead the tumorigenesis, invasiveness and
angiogenesis. However, little is known about their role
and presence in low-grade gliomas. The aim of this work
is to localize and characterize the distribution of these
cells inside tumors during the development of
experimental endogenous glioma.

For this study, a single dose of Ethyl-nitrosourea was
injected into pregnant rats. Double immunofluorescences
were performed in order to identify stem-like and
differentiated cells.

Low-grade gliomas display Nestin+cells distributed
throughout the tumor. More malignant gliomas show, in
addition to that, a perivascular location with some
Nestin+cells co-expressing CD133 or VEGF, and the
intratumoral spheroid aggregates of Nestin/CD133+
cells. These structures are encapsulated by well-
differentiated VEGF/GFAP+cells. Spheroid aggregates
increase in size in the most malignant stages.

Spheroid aggregates have morphological and
phenotypic similarities to in vitro neurospheres and
could be an in vivo analogue of them. These
arrangements could be a reservoir of undifferentiated

cells formed to escape adverse microenvironments.
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Introduction

Nestin belongs to the group of intermediate filament
proteins, ubiquitously distributed in several cell types
(Morrison and Kimble, 2006). It is produced and
expressed, among others, in stem cells of the mammalian
CNS during development, being present in the early
stages of neurogenesis in the subventricular zone (SVZ)
(Fan et al., 2007), in human glioblastomas (Hadjipanayis
and Van Meir, 2009) and is the leading molecule in this
study.

Cancer stem cells (CSCs) show properties of adult
stem cells, such as self-renewal, multilineage
differentiation or asymmetric division (Clarke et al.,
2006; Jang et al., 2006). The plasticity model of
carcinogenesis (Dell’ Albani, 2008) explains the glioma
development throughout CSC growth, with the tumoral
microenvironment acting as the determinant of the cell
stem status (Messam et al., 2000). A variety of markers
are usually used for the identification of CSCs (CD133,
Nestin, Osteopontin, Notch-1 or Sox-2) (Singh et al.,
2004; Arai et al., 2012), but none of these are specific
for cancer stem cells.

CD133 was one of the first reported markers for
cancer stem cells. It is a transmembrane glycoprotein
(Jang et al., 2006) present in neural stem cells (Morrison
and Kimble, 2006), ubiquitous in many tumoral stem
cells and very useful as stemness marker, and it is
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expressed by cells around the tumor vasculature
(Kronenberg et al., 2003; Christensen et al., 2008;
Grosse-Gehling et al., 2013). CSCs have been previously
observed around tumoral vasculature, inside the
perivascular niche (Christensen et al., 2008).

Because of the lack of specific markers for CSCs,
the gold standard to identify them is the in vitro growth
(Jensen and Parmar, 2006), followed by transplantation
assay to assess their tumorigenicity, self-renewal,
asymmetric division and sphere formation. These consist
of globular arrangements of differentiated and
undifferentiated cells with a rich extra-cellular matrix
surrounding them (Pastrana et al., 2011).

For the present study, we have used the prenatal N-
Ethyl-N-nitrosourea (ENU) model. In this model a single
dose of ENU administered to pregnant rats induces
neoplasias in the offspring (Adey et al., 2000; Bulnes-
Sesma et al., 2006). ENU-gliomas provide a close model
to human pathology, since the endogenous tumors are
obtained subsequently to the action of an alkylating
agent. These tumors replicate the growth curve of human
ones and the model allows the study of the transition
between low and high-grade gliomas (Gondo et al.,
2010; Doblas et al., 2012). In recent years, the ENU
model has been used for several studies, among them
mutagenesis studies in mice (Gondo et al., 2010).

The aim of the present study is to identify and
localize Nestin positive cells in an endogenous model of
gliomas, from early to advanced stages, reporting their
distribution in different tumoral areas and their co-
expression with other stemness markers as well as their
participation in cell clusters.

Materials and methods

Ten Sprague-Dawley rats were intraperitoneally
injected with a single dose of ENU (80 mg/kg.b.w, 1%
in PBS 0.1 M) at 15" day of pregnancy. 70 Offspring
rats between 6-10 months old were sacrificed when they
displayed health deficits. Rats were anesthetized and
transcardially perfused with 0.9% saline following 4%
paraformaldehyde in PBS 0.1 M (pH 7.4). Brains were
immersed in the same solution at 4°C overnight and
dissected in coronal sections. Some were cryopreserved
in 30% sucrose and cut with a cryotome into 40 pm
sections, others were embedded in paraffin blocks and
cut into 4 um sections.

Haematoxylin-eosin staining was carried out on
paraffin sections, reporting histological features such as
cellular proliferation, anaplasia, necrosis, haemorrhages,
microvascular proliferation or glomeruloid-like vessels.

Immunohistochemistry

Using ABC method (Elite ABC Kit, Vector
Laboratories), immunohistochemical assay was carried
out on paraffin slices against Nestin (1:200 ref sc-33677,
Santa Cruz). The reaction product was developed by 3.3-
diamino-benzidine (Ref. 8001, Sigma-Aldrich) and
H,0, (0.01%).

Cryotome sections were used for double indirect
immunofluorescence. The sections were incubated
overnight at 4°C in a mix of Nestin (1:400 ref. sc-21247,
Santa Cruz) and one of the following primary antibodies:
VEGEF (1:200 ref. sc-152, Santa Cruz), GFAP (1:400 ref.
sc-6170, Santa Cruz), CD133 (1:100 ref. ab-16518,
Abcam), GluT-1 (1:200 ref. 07-1401, Millipore).

The next day, tissues were incubated in a mix of
secondary antibodies: FITC-conjugated anti-mouse IgG
(1:400 ref. F-9137, Sigma-Aldrich) and TRITC-
conjugated anti-rabbit IgG (1:400 ref. T-6778, Sigma-
Aldrich). Finally, sections were incubated in Hoechst
33258 (Sigma-Aldrich) 5ug/ml in PBS 0.1M during 10
minutes.

Lectin histochemistry

Lectin histochemistry was performed on free-
floating cryotome slices. The tissue was incubated
overnight at 4°C with FITC-conjugated Lectin
lycopersycum (1:100 ref. L0401, Sigma). Cases were
double stained with CD133 as previously described.

Negative controls, omitting primary antibodies, were
also included in each staining run. All immuno-
fluorescence images were acquired with an Olympus
Fluoview FV500 confocal microscope using sequential
acquisition to avoid overlapping of fluorescent emission
spectra. Images have been treated with FVI0-ASW 1.6
Viewer and Adobe Creative Suite 4.

Quantification

Nestin positivity index was calculated counting 400
tumor cells at high magnification (x400), with a reticule
of 62,500 um2, from the most representative areas of
tumors, and the percentage of Nestin+cells was reported.
Only positive cells not in contact with vessels and
localized individually were counted, not considering
aggregation of cells.

The number of intratumoral aggregates in the same
cases was also counted, considering only the aggrega-
tions of 6 or more Nestin+cells with small cytoplasm
and without prolongations. The area of these aggregates
was calculated using Image J software.

Quantitative evaluation was performed by the same
researcher to avoid inter-observer variability.

Statistical analysis

All the statistical analyses were performed using
GraphPad Prism 5.00. An unpaired t-test was used to
analyze differences among the means of the Nestin
positivity index. Data are described as mean+SEM, p
values less than 0.05 are considered statistically
significant.

Ethical standards

Animal experiments were performed in accordance
with Spanish RD1201/2005, European Directive
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2003/65/EC and European Recommendation 2007/526/
EC.

Results

104 gliomas coming from 70 rats were considered
for the present study.

On the basis of previous studies (Bulnes and
Lafuente, 2007) ENU-gliomas were divided into three
stages (corresponding to malignancy features like: tumor
size, cell proliferation, nuclear anaplasia, microvascular
changes, haemorrhages, cysts or necrosis).

In the initial stage (or stage I), 37 small-middle size
cell proliferations were found shaping well-delimited
tumors, mainly associated with subcortical white matter

H/E

(Fig. 1a,b). Histopathologically, they are composed of
isomorphic round cells with well-defined regular nuclei
and a clear halo around them. They also have fine
microvessels constituting a network mimicking normal
brain microvasculature. This stage corresponds to classic
oligondendroglioma (WHO, grade II). In this stage,
some Nestin+cells with large cytoplasm and large
prolongations were distributed throughout the tumoral
mass (Fig. 1c).

30 tumors were grouped in the intermediate stage (or
stage II). These tumors are well-defined (Fig. 1d,e),
neuropathologically display mild vessel aberration
(dilated and tortuous vessels) and some other
histopathological features like anaplasia with atypical
mitosis or sporadic nuclear polymorphism. This stage

Nestin

B ™

L C

Fig. 1. Distribution of Nestin+cells in various ENU-gliomas. Stage | (a, b, ¢) some Nestin+cells are distributed randomly inside the tumor. Stage Il (d, e,
f) numerous aggregations of small round Nestin+cells are to be observed. Stage Il (g, h, i) Scattered Nestin+cells are distributed inside the
pseudopallisade around necrosis. (i). Scale bars: a, b, d, e, g, h, 2.5 mm;c, f, i, 10 um.
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would represent anaplastic oligodendroglioma (WHO
grade III). Nestin+cells with round and scarce cytoplasm
and hyperchromatic nuclei form groups that we have
called “spheroid aggregates” (SA) (Fig. 1f).

37 tumors were classified in the most malignant or
advanced stage (or stage III), characterized by being
huge tumors (=25% of coronal slices) (Fig. 1g,h) with
macro-haemorrhages, prominent microvascular
proliferation and abnormalities like glomeruloid vessels,
macrocysts and necrosis with occasional pseudo-
palisading. This stage would be equivalent to
Glioblastoma Multiforme (WHO grade 1V). Inside the
rich cellularity of pseudo-palisades around necrotic foci,
it is very frequent to find a scattering of Nestin+cells
(Fig. 1i). In addition, intense Nestin+cells in this stage
are frequently localized inside the tumor, being part
either of spheroid aggregates or being attached to the
vascular wall (Fig. 2). On the border of the tumors, there
are heterogeneously distributed big and well-

differentiated cells positive for Nestin, which resemble
hypertrophic astrocytes.

CD133+cells can only be observed in tumoral stages
II and IIT and they are always small round cells mildly
stained inside spheroid aggregates (Fig. 3c) or sitting
close to vessels (Fig. 4g,h,l,m).

Spheroid aggregates

Spheroid aggregates are characterized for being
groups of at least six positive cells for Nestin and/or
CD133. These cells have a characteristic morphology,
with a round form, scarce cytoplasm and dense nuclear
chromatin, resembling the morphological features of
stem cells. Aggregates can be found heterogeneously
distributed within the tumor in all the stages of glioma
development but they appear predominantly in the
intermediate and advanced stages (II and III), tending to
form sphere-like shapes (Fig. 1f). Some cells inside the

Fig. 2. Distribution of Nestin positivity in endothelium of microvessels and in cells around them from different stages. Stage | (a), stage Il (b, c), stage IlI

(d) showing glomeruloid vessels. Scale bars: a, 10 um; b-d, 25 um
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aggregates co-express Nestin and CD133 (Fig. 3c, arrangements (Fig. 3b). Some cells either at the
arrowhead). periphery of these formations, or inside them, co-express

Aggregates are usually surrounded by GFAP+cells, slightly VEGF and Nestin (Fig. 3a, arrow). These
which seem to be “encapsulating” these cellular arrangements seem to include immunopositive

Fig. 3. Distribution of Nestin positivity in small spheroid aggregates and its relationship with other immunomarkers; Nestin is visible in green in the
immunoflorescence and in red -VEGF (a), -GFAP (b), -CD133 (c) and -GluT-1 (d). Pictures a and d correspond to stage Ill tumors, while b and ¢
correspond to stage Il. VEGF (a) is mainly localized around Nestin+cells and occasionally may be found co-localizing in some cellular prolongation.
GFAP (b) is localized externally to the agreggate. CD133 (c) is found in the same cells showing a complementary pattern of immunostaining. Glut-1 (d)
denotes the presence of a microvessel close to the spheroid aggreggate. Scale bars: 25 pm
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microvessels for GluT-1 inside them (Fig. 3d, arrow).
Perivascular niche

To elucidate the distribution of Nestin/CD133+cells
around vessels, it must be taken into account that Nestin
also stains immature endothelial cells, as previously
stated by Matsuda and collaborators (2013). Only using
specific endothelial or BBB functional markers it is
possible to differentiate what belongs to the
microvasculature and what to the tumoral mass. Using
GluT-1 as an early BBB marker and LEA as an
endothelial marker, we found Nestin expression in
tortuous vessels (Fig. 4a), co-expression with Glut-1
when vessels become dilated (Fig. 4f), and a
complementary distribution in glomeruloids (Fig. 4k).

Tumoral Nestin+cells are to be found around all
abnormal types of vessels (tortuous, dilated and
glomeruloid ones) (Fig. 4b, g, I). In glomeruloids,
Nestin+cells are located close to the vessel wall,
frequently co-expressing CD133 (Fig. 41). Using a
specific endothelial marker like LEA, we could

Nestin
CD133

Nestin
GluT-1

Tortuose

Dilated

Glomeruloid

appreciate that some endothelial cells in glomeruloids
also co-express CD133 (Fig. 4m). In other abnormal
vessels, like tortuous and dilated ones, CD133+cells
with a small round shape are close to the vascular
endothelium stained with LEA (Fig. 4c,h).

In addition, co-expression of GFAP (Fig. 4d.,i,n) and
VEGF (Fig. 4e,j,0) with Nestin was only observed
around dilated vessels (Fig. 4i.,j), but GFAP and
VEGF+cells appear mainly surrounding Nestin+cells.

Quantification of Nestin+cells and spheroid aggregates

The Nestin positivity index was calculated in 87
gliomas from 53 rats, 31 gliomas of stage I, 25 of stage
IT and 31 of stage III. An increase in Nestin expression
during glioma progression was observed. In the initial
stage I, Nestin positivity index is 5.26+£0.60 (N=31), in
the intermediate stage I is 10.25+0.91 (N=25) and
15.94+1.27 in the most advanced stage III (N=31). A
statistically significant increase among all stages was
obtained (stage I vs. II p<0.0001; stage II vs. III p=0.01;
stage I vs. I1I p<0.0001) (Fig. 5a).

LEA
CD133

Nestin
VEGF

Nestin
GFAP

Fig. 4. Distribution of Nestin positivity (green) and other immunomarkers (red) regarding various types of microvessels. All slices are counterstained
with Hoechst (blue). Nestin and Glut-1 respecting vessels (a, f, k) seem to stain in a complementary way, when coinciding, Glut-1 is always the most
internal layer. There is co-expression of Nestin-CD133 (b, g, I) only in and around glomeruloid vessels. Some small round cells mildly positive for
CD133 are scattered, distributed around different types of vessels stained by LEA (¢, h, m). In dilated vessels (h), CD133 is very close to the vessels
wall, while in glomeruloid vessels both markers co-express on the vascular wall. GFAP+structures (d, i, n) frequently surround the Nestin positive ones,
only occasionally in (i) and (n) is to be found some co-expression. VEGF positivity around vessels (e, j, 0) is suspected to correspond with GFAP

positive structures resembling astrocytic processes (i, j). Scale bar: 50 pm.
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The quantification of SAs amount showed that, even
though they appear in stage I, there is a huge increase in
number in the intermediate and advanced stages. It
achieves statistically significant differences for |
(0.36+0.11 N=30) vs. II (3.47+0.78; N=21) (p <0.0001)
and I vs. III (3.63+0.77; N=27) (p<0.0001) (Fig. 5b).

The density of SAs inside tumors (number of
SA/mm? of tumor) shows its peak at stage IT (1.10+0.22;
N=23). Stage I (0.99+£0.33; N=28) and stage III
(0.54+0.12; N=31) achieve statistically significant
difference (p=0.0222) compared to stage II (Fig. 5¢).

The mean area of the SAs increases during tumor
development, without statistically significant
differences. In stage I, the area of SAs is 17.39+4.73
um? (N=8), in the intermediate 29.08+6.99 um? (N=67)
while it is 29.94+7.59 umz (N=134) in the advanced
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stage. Huge aggregates, including many abnormal
microvessel profiles, can occasionally be found in the
most advanced stage (Fig. 5d).

Discussion

The presence of Nestin+cells has been described in
humans and in experimental animal models of
glioblastomas (Dahlstrand et al., 1992; Matsuda et al.,
2013).

Endogenous generation of gliomas in rats is a well-
known and reliable model to study gliomas in different
stages (Zook and Simmens, 2005; Bulnes-Sesma et al.,
2006). In fact, this model has been previously used to
research about many cellular, biological and genetic
aspects of gliomas during its development (Zook et al.,
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- e
dr=—= N
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Fig. 5. a. Labelled index of Nestin+cells in the three stages of ENU-gliomas. There is an increase of Nestin+cells corresponding to malignancy,
***p<0.001, **p<0.01. b. Mean number of spheroid aggregates in the different stages, almost absent in stage |, and increasing in the second and third
stages, ***p<0.001. c. Density of aggregates per mm?2 of tumor, the highest density is at stage Il *p<0.05. d. Double immunofluorescence against
Nestin (green) and Glut-1 (red) in an enormous “spheroid aggregate” showing the close interrelation among these structures. Scale bar: 250 pum.
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2000; Recht et al., 2003; Jang et al., 2004, 2006; Bulnes
et al., 2011). However the present study focused on the
distribution of Nestin and CD133 positive cells,, as there
is little knowledge about these cells throughout the
glioma progression.

In this study, we have observed some Nestin+cells
(with a small and round cytoplasm) grouped in spheroid
arrangements. These spheroid aggregates would
represent an in vivo approximation to the tumorspheres.
It has been reported that CD133- tumorspheres from
human gliomas are capable of forming gliomas in nude
rats (Pastrana et al., 2011). This fact could be explained
by the heterogeneity of the CSCs and the plasticity
theory (Hadjipanayis and Van Meir, 2009), in which the
stemness status is not definitive, but rather is linked to
the microenvironment. Thus, some CD133-cells could
adapt and transform themselves into CD133+cells,
capable of generating a tumor.

The results in the present study show that
Nestin/CD133+cells are found inside ENU-gliomas,
showing specific morphologies depending on different
locations. In the hypoxic interior of tumors, cells
expressing Nestin and/or CD133 appear located close to
tortuous and dilated vessels or in dense groups
throughout the tumor forming “spheroid aggregates”.
According to previous reports, Nestin+cells can be found
distributed along vessels (Jang et al., 2004), as
CD133+cells forming clusters close to the vascular wall
(Arai et al., 2012), as we have ascertained. Other
markers have also been reported such as Notch and
iNOS (Filatova et al., 2012). These perivascular cells are
involved in tumoral angiogenesis. Angiogenesis would
be driven mainly by Nestin/CD133+cells placed around
aberrant vessels of the tumor. It has been reported that
some of these cells, expressing one or both markers and
developing in a hypoxic environment, produce HIF-2
alpha inducing the cascade of VEGF (Heddleston et al.,
2009). Meanwhile, in the neoangiogenic tumoral border,
cells positive for Nestin/CD133 are found to co-express
GFAP and VEGF.

Some endothelial cells from glomeruloid vessels
showed a light co-localization of CD133 and LEA
supporting the hypothesis of cellular transdifferentiation
in GBM (Soda et al., 2011). Specifically, it has been
hypothesized that CD133+cells can give rise to tumor
endothelium (Wang et al., 2010). Co-expression of
Nestin and VEGF already in the intermediate stage of
ENU-gliomas, when the “angiogenic switch” arises
(Bergers and Benjamin, 2003), supports the involvement
of these cells in tumoral angiogenesis.

Spheroid aggregates appear in all stages of ENU-
gliomas. We have observed that these structures
resemble neurospheres in cell morphology, immuno-
marker distribution, etc. (Bao et al., 2006). As
previously mentioned, the gold standard assay to identify
stem cells is the in vitro sphere growth (Pastrana et al.,
2011). Protocols vary substantially between different
assays, but in all of them the absence of growth factors is
mandatory to induce the sphere formation. So, stem cells

could form spheres in vitro in order to protect
themselves against adverse conditions such as lack of
nutrients. In the same way, Nestin/CD133+cells in vivo
could form the spheroid aggregates to protect themselves
against hypoxia, lack of nutrients or maybe also
chemotherapeutics (Rich, 2007; Denysenko et al., 2010).
Cells from spheroid aggregates could stimulate cells
around them or produce themselve angiogenic factors in
order to escape from adverse conditions.

The highest density of aggregates was found in the
intermediate tumoral stage. In the most malignant stage
the spheroid density is reduced, although the surface
occupied by them increases. One possible explanation
would be that small aggregates grow and probably come
together forming the big ones, being less in number but
bigger in size.

Accordingly we also observed that the mean size of
spheroid aggregates increased with malignancy. It has
been reported that even though the in vitro size of
tumorspheres varies greatly, between 40-150 pm
(Pastrana et al., 2011), it is possible to culture huge
neurospheres with 300 or even 400 pm of diameter
under certain conditions (Mori et al., 2006); similarly we
could observe occasionally some huge aggregates in the
most malignant gliomas.

Nestin has been described as a marker of
undifferentiated states and degree of malignancy (Singh
et al., 2003; Schiffer et al., 2010). Some Nestin+cells
having a round and compact morphology were
considered as stem-like cells and are located mainly in
the spheroid aggregates and in the perivascular region,
named “perivascular niche” (Christensen et al., 2008).
By contrast, the big cells with cellular prolongations
located specially around the tumoral border or
surrounding aggregates are more probably reactive
astrocytes because they are also positive for GFAP.

It has been previously theorized that perivascular
niches could act as a reservoir of undifferentiated cells
and could be responsible for the high rate of relapse in
malignant gliomas (Christensen et al., 2011). Further
research is needed to elucidate the role of spheroid
aggregates and to better understand their parallelism to
tumorspheres, but they could play a similar role to the
those previously described perivascular niches.
However, if the spheroid aggregates in the ENU-model
were really tumorspheres analogues, this would open up
new ways to research the "spheres" behaviour in vivo,
and the relation with other structures like the tumoral
vasculature. Therefore, the ENU-induced tumor model
could provide helpful information to aid in
understanding the nature of cancer stem cells and their
properties. An in vivo characterization would be the first
step for a proper identification, giving rise to guided
therapies against these cells, as they are the ones that
lead the tumorigenesis and angiogenesis processes.

The ENU model is useful to provide information
about the properties and nature of undifferentiated
tumoral cells and their arrangements, making possible
the identification of clusters of Nestin and CD133+cells
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resembling in vitro created tumorspheres. ENU model
also is a useful way to design new strategies for in vivo
identification of cancer stem cells that could lead to
specific therapeutic approaches.
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