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A B S T R A C T

The mutual reshape of tumor and immune system cells during tumor progression is a widely accepted notion in
different cancers including gliomas. The importance of this phenomenon in shaping glioma progression and the
mechanisms governing it, however, are not fully elucidated. Taking advantage of a well-characterized in vivo
glioma model we performed an analysis of glioma cells transcriptomes at different stages of progression and
unveiled the reorganization of glioma-immune system interactions. Specifically, we show that the inability of
low-grade glioma cells to orthotopically graft in syngeneic immunocompetent mice, positively correlates with
the abundance of infiltrating lymphocytes in donor tumors and with a highly immunostimulatory transcriptional
profile. Notably, during tumor progression glioma cells downregulate these genes and the immune infiltrate
shifts towards a pro-tumorigenic phenotype. Challenging low-grade gliomas by grafting into immunodeficient
hosts revealed the crucial role of the adaptive immune system in constraining glioma progression. Finally, we
observed that although progression still takes place in immunodeficient mice, it is slower, likely due to a milder
selection thus reinforcing the view of a pivotal role for the immune system in regulating glioma progression.

1. Introduction

The concept of a dual role for the immune system during cancer
progression defined as immunoediting by Dunn and collaborators [1]
has been strengthened in the last 15 years thanks to the work of dif-
ferent laboratories. Data from different tumor types in humans and in
animal models demonstrated the existence of all the three phases of
tumor immunoediting as extensively reviewed [2–5]. Evidences for the
first phase (Elimination), in which the immune system actively coun-
teracts tumor growth, derived from the observations that im-
munodeficient mice as well as immunosuppressed patients have a
higher incidence of tumors. Moreover, it has been shown that the
presence of tumor-infiltrating lymphocytes (TIL), especially CD8-posi-
tive cells, often correlates with a favorable prognosis in different tumor
types. The second phase consists of a period of tumor latency, which in
humans can last many years, during which a dynamic equilibrium is
established between the host immune system and tumor cells. This
equilibrium phase was deduced in humans by the existence of occult
cancers that become clinically manifest only after transplantation in an
immunosuppressed recipient [3,4]. More direct evidence for the role of
the adaptive system in controlling cancer growth came from a mouse

model of occult sarcomas driven by exposure to low doses of 3-me-
thylcholanthrene [6]. In the final phase, tumor cells increase growth
rates following successful escape from immune system surveillance.
Immunoediting is thus a central feature of the tumorigenic process and
reflects stage-specific interactions between the immune system and
tumor cells. This is often characterized by a strong early negative se-
lection and later co-option of tumor-promoting mechanisms [3,4,7,8].
Further evidence for this mechanism comes from the fact that tumors
emerging in immunodeficient mice are more immunogenic than those
arising in immunocompetent animals [9–11].

In the case of gliomas, the idea of an active role for the immune
system during tumorigenesis is relatively recent, due to the long-held
view of this organ as an immune-privileged compartment almost iso-
lated from immune cells. It is now clear however, that the brain is
immune-competent and permissive to immune cells infiltration and
therefore more appropriately defined as immunologically distinct
[2,12,13]. In this scenario, the model of tumor immunoediting was
proposed also for gliomas and several glioma antigens as well as many
mechanisms for immune evasion have been defined both in humans and
in animal models [2,8]. All these data reveal the existence of the 3
phases of immunoediting in gliomas and highlight the translational
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importance of a comprehensive understanding of this process. A crucial
point is to study how tumor and immune cells change their phenotype
during glioma progression but the current animal models based on
transplantation of highly immunogenic and in vitro selected glioma cell
lines [14] do not allow to elucidate this aspect.

In this work, by exploiting a well-established model of glioma
progression driven by the in vivo overexpression of the PDGF-B onco-
gene [15,16], we obtained for the first time a direct evidence of a
progressive change in the behavior of both immune system and glioma
cells. This phenomenon recapitulates the immunoediting process,
leading a tumor from the elimination to the escape phase. In particular,
we showed that during the first steps of tumorigenesis, glioma cells are
highly immunogenic. In later stages they downregulate im-
munostimulatory genes and reshape the phenotype of immune system
cells that acquire an anti-inflammatory, pro-tumorigenic M2 pheno-
type.

Altogether, our data show that the evolution of an immune-escape
strategy for glioma cells is crucial for glioma progression.

2. Materials and methods

2.1. Animal procedures

All animal procedures were approved by the internal committee for
the protection of animals used for scientific purposes (OPBA) of the
Ospedale policlinico San Martino and by the Italian Ministry of Health
according to the Italian law D. lgs 26/2014 and the European Directive
2010/63/EU of the European Parliament. In all the experiments were
used the C57BL/6J and the NOD.CB17-Prkdcscid/J strains (hereinafter
respectively referred as C57BL/6 and NOD/SCID) from Jackson
Laboratory.

Intraventricular injections of replication-incompetent retroviral
vectors in E14 mouse embryos were performed in deeply anesthetized
pregnant females as already described by Terrile and collaborators
[17].

Orthotopic transplantations of murine glioma cells in adult mouse
brains were performed as described in a previous publication [18].
Depending on the experiments the number of implanted cells ranged
from 3×103 to 2×105.

Tumor masses were visualized by using a Leica fluorescence mi-
croscope thanks to the EGFP expression and dissected in HBSS medium
(Life Technologies). Tumor cells were dissociated with enzymatic di-
gestion in Trypsin/EDTA and mechanical dissociation with a Pasteur
pipette in 10% FBS (Life Technologies). After centrifugation at 500×g
for 5min, the pellet was suspended in specific media for further pro-
cessing. For orthotopic transplantation or in vitro culturing tumor cells
were suspended in neural stem cell medium: DMEM/F12 and 1X B27
supplement (Life Technologies), 10 ng/ml EGF and 10 ng/ml bFGF
(Peprotech). For fluorescent activated cell sorting (FACS) or flow cy-
tometry cells were suspended in PBS supplemented with 1% FBS and
1.5 mM EDTA.

The survival curves were obtained by using the Kaplan-Meier esti-
mator.

2.2. Immunostainings

Mouse brains were fixed overnight in 4% paraformaldehyde in PBS,
cryoprotected overnight in 20% sucrose, embedded in Tissue Teck
O.C.T. and frozen at −80 °C. Sections were obtained with a Leica
CM3050 S cryostat. Sections were permeabilized 30min with 0.1%
Triton X-100 (Bio-Rad) in PBS. Primary antibodies were incubated
over-night at 4 °C in PBS with 10% goat serum (Sigma-Aldrich) and
0.1% BSA (Sigma-Aldrich), while secondary antibodies were incubated
1 h at room temperature in PBS and 10% goat serum. For CD206
staining donkey serum instead of goat serum was used. For Arginase I
staining, before permeabilization, sections were boiled 3 times in

citrate buffer pH 6 for 4min for antigen retrieval and the subsequent
washes were performed using PBS-T solution (0.1% Tween-20 in PBS).

The following primary antibodies were used: chicken polyclonal
antisera against GFP (1:500, ab13970 Abcam); rat monoclonal anti-
mouse CD8 YTS105.18 clone (1:500, MCA1108GT AbDSerotec); rat
monoclonal anti-mouse CD4 RM4-5 clone (1:100, 550280 BD
Pharmingen); rabbit polyclonal anti-human MPO (1:300, A0398 Dako);
rabbit polyclonal antibodies against Iba1 (1:250, 019–19741 Wako),
mouse monoclonal anti-mouse ArginaseI E−2 clone (1:50, SC-271430
Santa Cruz Biotechnology), goat polyclonal anti-mouse CD206 (1:100,
AF2535 R&D System); rabbit polyclonal anti-GranzymeB antibody
(1:100, PA1-26616 Thermofisher).

The following secondary antibodies were used: goat anti-chicken
Alexa Fluor 488 (1:500, A11039 Molecular Probes), goat anti-rabbit
Dylight 549-conjugated AffiniPure (1:500, 111-505-003 Jackson
Immunoresearch Laboratories), goat anti-rat Cy3-conjugated AffiniPure
(1:500, 112-165-167 Jackson Immunoresearch Laboratories), goat anti-
mouse Dylight 549-conjugated AffiniPure (1:500, 115-505-044 Jackson
Immunoresearch Laboratories), donkey anti-goat biotin-conjugated
(1:50, ab6884 Abcam), streptavidin Alexa Fluor 546-conjugated (1:500,
S11225 Molecular Probes). Nuclei were stained with Hoechst 33342
(1 μg/ml, Sigma-Aldrich).

2.3. Image analysis

The analysis of CD4− CD8-and MPO-positive cells in the brain
sections were analyzed by computer-assisted camera-lucida drawings.
Briefly, positions on x- and y-axis of immunostained-positive cells and
points on the perimeter of brain sections and glioma masses were re-
gistered using a Zeiss motorized epifluorescence microscope (Axio
Imager.M2) and the AxioVision Rel. 4.8 software (Zeiss, Oberkochen).
Data were analyzed with a R script (available on GitHub repository at
the website: https://github.com/PaoloMalatesta/LucidaGraph) that
automatically draws the images and performes the statistical analyses.

2.4. Flow cytometry

Dissociated cells were suspended in PBS supplemented with 1% FBS
and 1.5mM EDTA, incubated with APC-conjugated monoclonal rat
anti-mouse CD45 (1:200, 559864 BD Pharmingen) for 20min and
analyzed with CyAn ADP (Beckman Coulter). For negative control, we
used APC-conjugated rat isotype control (1:200, 17432181
eBioscience).

Cell sorting was performed on a FACSAria II (BD Biosciences) with
an 85 μm nozzle tip at a default pressure of 45 psi with the highest
precision sort mode. Discrimination doublets and checked sorting gate
were done with a dot plot where GFP-Area parameter matched with
GFP-Width parameter and then monitored in a FSC-A vs SSC-A dot plot.

2.5. Microarray analysis

Dissociated cells from 4 early and 2 late onset tumors were sorted
for EGFP with FACSAria II. EGFP-positive cells from 4 independent
early onset tumors were pooled in two pools to reach a sufficient
amount of cells for further analysis. Cells were harvested in Trizol
(Invitrogen) for RNA extraction. Microarray hybridization procedure
was performed at the “Consorzio Genopolis” (University of Milano-
Bicocca, Dept. of Biotechnology and Bioscience) using the Affymetrix
MoGene-1.0-st array (GEO Accession Number GSE108954). RNA ex-
tracted from sorted cells from 4 secondary and 3 tertiary tumors ob-
tained by serial transplantation of early onset tumors in NOD/SCID
mice were hybridized on Affymetrix GeneChip Mouse Genome 430 2.0
Array (GEO Accession Number GSE108955) by AROS Applied
Biotechnology (Aarhus, Denmark). Data were analyzed using the R3.4.0
software and BioConductor version 3.5 [19]. Expression values were
extracted from raw data files using the RMA method built in the affy
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1.54.0 library package. Differentially expressed genes were ranked by
using RankProd 3.2.0 library. To create the heat map summarizing data
derived from different platforms (i.e. MoGene-1.0-st and MouseGenome
430 2.0 arrays) raw data were processed with RMA omitting the nor-
malization step. Probesets referring to the same MGI gene symbol were
aggregated for each platform by using geometric means then the da-
taset were merged basing on gene symbol annotations. The entire da-
taset was eventually quantile normalized [20] and the heatmap was
drawn with R-Core stats version 3.5.0. GoTerm enrichment analysis was
carried with ClueGO [21] plugin for Cytoscape [22].

3. Results

We generated gliomas by injecting, into the lateral ventricles of E14
embryos, replication-incompetent retroviral vectors expressing the
PDGF-B oncogene and the EGFP reporter gene, as previously described
[15,16]. Injected animals developed multi-focal gliomas, which induce
neurologic symptoms at different time points in their juvenile/adult life
(Fig. 1A–B). In accordance with previously published data [16] and as
shown in Supplementary Fig. 1 and Supplementary Table 1a, early-

onset tumors showed typical histological features of low-grade tumors
(diffuse, scarcely cellularized masses), while late-onset tumors dis-
played typical high-grade glioma features (wide and compact masses
with large necrotic areas containing pseudopalisading structures).
While the analysis by cell-lineage and proliferation markers such as
GFAP, Nestin, PDGFR-alpha, NG2, Olig2, Sox2 and Ki67 failed to show
any difference between EGFP-positive cells in early onset- and late-
onset tumors, which invariably display an oligodendrocyte progenitor
cell-like profile, a striking difference emerges in transplantation assays.
EGFP-positive cells dissociated from early-onset gliomas with low-grade
phenotype did not generate secondary tumors after orthotopic trans-
plantation in syngeneic mice, while late-onset, high-grade, gliomas are
tumorigenic [16].

As demonstrated by systematic orthotropic transplantations in adult
syngeneic mice (experimental scheme shown in Fig. 1C), PDGF-B in-
duced gliomas progressively acquired this malignant feature over time.
In particular, we found that no secondary glioma is ever generated by
the transplantation of up to 30 000 EGFP-positive cells derived from
mice showing neurological symptoms before postnatal day 60 (P60;
N= 16). The frequency of successful grafting progressively rises with

Fig. 1. Functional and molecular characterization of early- and late-onset gliomas. A-B, Merged fluorescence and brightfield images of mouse brains bearing an
EGFP-expressing early-onset (A) and a late-onset (B) glioma. Scale bar: 2mm. C, Experimental scheme for testing the onset of tumorigenic features in glioma cells
over time. D, Plot shows the frequency of successful engraftment (i.e. induction of secondary tumors) in syngeneic mice following the transplantation of cells derived
from donor showing symptoms at different times (raw data are listed in Supplementary Table 1a). Dashed line represents the trend of the frequency of successful
engraftment over the age of donor at sacrifice by showing the smoothed moving average with a frame (period) of 12 consecutive samples. E-F, Annotation enrichment
analysis of the set of genes downregulated during progression showing the network of enriched GoTerm (E) and the relative frequency of each GoTerm among all the
GoTerms comprising the considered set of genes (F).
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the age of the donor at the time of death. The cell explanted from the
vast majority of the animals showing neurological symptoms after P100
(15 out of 17) generated secondary tumors in at least one recipient
(Fig. 1D and Supplementary Table 1a). Successful grafting appeared not
to be influenced by the number of transplanted cells in the range from
3000 to 200 000 cells, and a number smaller or equal to 5000 EGFP-
positive cells from tumorigenic gliomas were sufficient to generate
secondary tumors in 100% of the assays (n= 7). These data, together
with previous observations showing that even tumors fated to develop
as high-grade are not able to graft if explanted at early stages (< P60)
[16], confirm that glioma cells need time to progress toward a full-
blown malignant state and that this animal model can be used to study
glioma progression in vivo.

In order to dissect the molecular mechanisms underlying glioma
progression, we explanted and dissociated both early-onset/low-grade
and late-onset/high grade gliomas (hereinafter respectively referred as
“low-grade" and “high-grade" gliomas). We purified by FACS the sole
glioma cell component thanks to EGFP expression and we performed a
microarray analysis to determine their gene expression profile. Cells
derived from high-grade tumors were transplanted in syngeneic mice to
confirm they comprise a tumorigenic fraction. Differentially expressed
genes were identified by RankProduct [23] using as cutoff pfp= 0.05.
This analysis resulted in 58 upregulated and 148 downregulated genes
during progression. A gene annotation enrichment analysis on GO-
TERM was carried on the two sets, using ClueGO [21,22] and DAVID
[24,25]. For the set of genes upregulated during progression, the ana-
lysis failed to identify strongly enriched functional clusters (Bonferroni
corrected P value < 10−4; DAVID Enrichment Score over 1.5). Below
this threshold, the most significantly enriched groups were related to
multicellular organism development and differentiation. On the con-
trary, the set of genes downregulated during the progression presented
a much more coherent picture, with 10 functional clusters well above
the 1.5 Enrichment Score threshold. Prominent clusters appeared to be
related to immune system response and inflammation, as shown in
Fig. 1E–F, suggesting that progression from low-to high-grade gliomas
correlates with a downregulation of immunostimulatory genes.

In order to assess potential differences between low- and high-grade
gliomas, with respect to their relationship with the immune system, we
characterized the infiltrates in section harboring gliomas. The analysis
showed a higher infiltration level of CD8 positive lymphocytes in low-
grade tumor brains (average density of 26 ± 7 cell/mm2; n= 13)
compared to high-grade tumor or healthy non-transduced brains (one-
way ANOVA, p < 0.005). The density of CD8-positive cells in high-
grade tumor brains (3.3 ± 1.6 cell/mm2, n=8) was not significantly
different from healthy non-transduced brains (0.6 ± 0.1 cell/mm 2,
n=8, Fig. 2A–D). On the contrary, the density of CD4-positive lym-
phocytes does not change during progression (7.2 ± 2.8 cell/mm2 in
the low-grade; 4.9 ± 0.8 cell/mm2 in the high-grade and
1.1 ± 0.3 cell/mm2 in healthy brain; not significant, with a power of
0.80 for an effect size ≥1 in a one way anova test; Fig. 2E–H) but their
distribution does. While in the low-grade gliomas CD4-positive lym-
phocytes are evenly distributed between tumor mass and surrounding
areas, in high-grade gliomas they are found more frequently inside the
tumor mass (p < 0.005; Supplementary Fig. 2B), as often observed in
other malignant tumors [26] and in particular in glioblastoma where
CD4 TIL are positively correlated with tumor grade [27]. These data
show that low-grade, not yet fully progressed gliomas, actively stimu-
late the specific infiltration of CD8-positive lymphocytes while high-
grade gliomas do not. Since it is known that the tumor microenviron-
ment may impair the cytotoxic activity of CD8-positive lymphocytes
which then lose granzymeB immunoreactivity [28], we immunostained
low-grade tumors with granzymeB and CD8 on adjacent sections. The
density of granzymeB-positive cells was compatible with the density of
CD8-positive cells suggesting that the majority of CD8 positive lym-
phocytes retained their cytotoxic activity (Supplementary Fig. 2C and
D).

To evaluate whether this difference reflects a different grade in the
general inflammation levels, we assessed the percentage of CD45-po-
sitive cells by a cytofluorimetric analysis on dissociated tumor masses.
The percentage of CD45-positive cells were similar between low- and
high-grade tumors (respectively 8.8 ± 0 .1.6% n=7 and 7.9 ± 0.9%
n=11; Fig. 3A) suggesting that the composition rather than the overall
number of immune system cells is different between progressed and
unprogressed tumors.

To further characterize the composition of the infiltrates in low- and
high-grade gliomas, we looked at innate immune system cells.
Immunostainings for Iba1 showed a high presence of microglia-mac-
rophage cells in both low- and high-grade tumors as well as in healthy
brains (Fig. 3B–D). These cells displayed an activated microglia
amoeboid morphology, regardless of the progression stage in all the
analyzed tumors (Fig. 3E and F), in comparison to healthy brains where
these cells have a ramified phenotype typical of resting cells (Fig. 3G
[29,30]). However, in high-grade gliomas their phenotype appeared
associated to alternatively activated M2 immune cells, consistent with
an immunomodulatory role. As shown in Fig. 4E–H, high-grade tumors
had a high infiltration of immune-modulatory cells expressing CD206
and Arginase-I markers suggesting that progression induced a pheno-
type switch. Consistent with these observations is also the localization
of MPO-positive cells that are significantly enriched in high-grade
gliomas in comparison to low-grade (Fig. 4A–D). These cells are found
prevalently inside the tumor masses rather than in their periphery, a
feature that has been associated with immunomodulatory granulocytes
[31]. The overall figure is consistent with the notion that high-grade
tumors often recruit M2 macrophages and other immunomodulatory
cells in an immune-evasion strategy [7,32].

To test whether there is a difference in the ability to recruit immune
system cells, we explanted both low- and high-grade tumors and
transplanted them into adult syngeneic mice, evaluating the identity
and localization of infiltrated lymphocytes after 2 weeks in brain sec-
tions. The time was selected to allow the tissue surrounding the needle
tract to recover from the acute nonspecific inflammatory condition
induced by the injection itself, although this choice does not allow to
take into account earlier events. Both CD8 and CD4 lymphocytes were
found at higher density in the brains injected with low-grade gliomas
(Fig. 4I–J) where groups of lymphocytes appeared enriched near the
tumor injection site.

3.1. Transplantation in immunodeficient mice

We tested whether the inability of low-grade gliomas to give rise to
a secondary tumor after orthotopic transplantation depends on their
immunostimulatory features. We injected matched aliquots of EGFP-
positive cells derived from 5 low-grade gliomas in NOD/SCID im-
munodeficient mice and, in parallel, in syngeneic C57BL/6 animals (as
outlined in Fig. 5A). As expected, no tumor arose in syngeneic mice
when the cells were transplanted in 11 C57BL/6 mice and the brains of
all these animals appeared completely devoid of EGFP-positive cells. On
the contrary, secondary gliomas developed from the cells of 4 out of the
5 independent tumors transplanted in NOD/SCID mice. In total 10
secondary gliomas where obtained from 16 NOD/SCID mice (Fig. 5B,
Supplementary Figs. 3–4, Supplementary Table 2). The experiment was
further repeated only in NOD/SCID mice with 3 additional independent
primary tumors obtaining similar results (2 out of 3 gave rise to sec-
ondary gliomas in 3 out of 8 mice; Fig. 5B, Supplementary Figs. 3–4,
Supplementary Table 2). These data demonstrated the central role of
the adaptive immune system in counteracting tumor grafting and
strongly suggested that the growth of low-grade tumors is impaired by
the immune system, which therefore may play fundamental roles
during the first steps of gliomagenesis.

Interestingly, the analysis of the gene expression profile of cells
retrieved from secondary tumors growing in NOD/SCID shows that the
set of genes downregulated during progression displays expression
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levels similar to that found in low-grade tumors (Fig. 6A). Secondary
gliomas grown in NOD/SCID hosts from low-grade tumors thus appear
to retain their original immunostimulatory feature more than high-
grade, fully progressed, tumors. This may be due to the much weaker
selective pressure imposed by the immunodeficient environment, which
may fail to fully reshape the tumor immunophenotype.

However, in some extent, gliomas do eventually progress even in
the immunodeficient environment. This is shown by the fact that cells
derived from NOD/SCID secondary tumors (4 independent tumors)
were able not only to successfully graft in NOD/SCID mice (where all of

them gave rise at least to 1 tertiary glioma; in total 8 tertiary gliomas in
11 mice) but, in two cases, also in immunocompetent C57BL/6 mice
(generating in total 3 tertiary gliomas in 11 transplanted mice; Fig. 5C,
Supplementary Fig. 3, Supplementary Tables 3–4). This observation
was unexpected since we anticipated that the immunodeficient en-
vironment should not impose a selection based on the glioma cells'
immunogenicity, unless for the remnant of immune system present in
NOD/SCID.

A hierarchical clustering analysis of the expression profile of the
gene set downregulated during progression shows that tertiary gliomas

Fig. 2. CD8-and CD4-positve cells infiltration in glioma-bearing brains. A-C, E-G, Computer-assisted camera-lucida drawing of brain sections stained with anti-
GFP antibody to label tumor areas (in green) and anti-CD8 (A–C) or anti-CD4 (E–G) antibodies labelling corresponding T-lymphocytes (blue dots). D, H, Histograms
show the density of CD8 (D) or CD4 (H) expressing cells in healthy brains or brains bearing low-grade or high-grade gliomas. Statistical analysis was performed by a
one-way ANOVA followed by a Tukey HSD post-hoc test (**p < 0.01; *p < 0.05). Scale bar: 2 mm. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 3. Analysis of the inflammation level in glioma masses. A, Boxplot showing the percentage of CD45-positive cells infiltrating the tumor mass of low- and
high-grade gliomas analyzed by flow cytometry. B-G, show different magnifications of brain sections either harboring low-grade (B,E) or high-grade (C,F) gliomas
and normal healthy brain (D,G), immunostained with anti-GFP antibody (in green) labelling tumor cells, anti-Iba1 (in red) labelling microglia and Hoechst 33342 (in
blue) labelling nuclei. Arrows show ramified resting cells in the healthy brain (G); arrowheads show activated microglia with short and thick cell processes or
amoeboid morphology (E,F) in tumor tissues. Scale bar: 200 μm (B–D), 50 μm (E–G). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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grown in NOD/SCID mice display levels more closely resembling those
typical of high-grade fully progressed tumors arising in im-
munocompetent mice compared to the secondary tumors they origi-
nated from (Fig. 6A). Accordingly, the gene annotation enrichment
analysis performed on all the differentially expressed genes in the
comparison between secondary and tertiary tumors showed that, even
in the progression occurring in NOD/SCID mice, the downregulated
genes belonged to functional classes related to immune response and
innate immunity activation (Fig. 6B).

To further substantiate the analysis, an unbiased expression profile
comparison was performed between the four types of samples (low- and
high-grade primary tumors, secondary and tertiary tumors induced by
serial transplantation of low-grade tumors in NOD/SCID). In particular,
we used PAM [33] to identify a group of genes whose expression enable
the recognition of the four tumor types. A hierarchical clustering of
such genes showed three main subgroups: one expressed at high level in
all primary tumors, one expressed at high level in NOD/SCID trans-
plants (both secondary and tertiary) and one highly expressed in low
grade primary tumors and NOD/SCID secondary gliomas and poorly
expressed in high grade primary tumors and tertiary gliomas. Gene
ontology enrichment analysis showed that the first group do not display
any coherent functional relationship; in the second group, the only
significantly enriched GoTerm clusters are related to protein synthesis
and oxidative phosphorylation, possibly indicating a more active me-
tabolism. Strikingly, the third group was constituted by genes clearly

sharing immunostimulatory features, confirming the results obtained
from the previous analysis (Supplementary Fig. 5 and Supplementary
Table 5).

4. Discussion

Somatic gene transfer of PDGF-B in neural progenitor cells re-
presents a well-known model of glioma [34–36]. In our previous works,
we showed that, although counter-intuitively, gliomas eliciting neuro-
logical symptoms at earlier time (i.e. from P30 to P60) appear to be less
malignant than those that arise later. By analyzing at around P30 the
brain of mice transduced at embryonic stages with PDGF-B, we de-
monstrated that all of them harbor multifocal gliomas. These gliomas,
independently of having or not already caused neurological symptoms,
are not able to propagate as tumors following transplantation in the
brain of adult syngeneic mice, even when transplanted in a tenfold
higher number compared to the saturating amount required for suc-
cessful growth of high-grade tumor cells. This demonstrates that all
gliomas, including those fated to emerge as high-grade grade tumors
after longer latency, are initially characterized by lower malignancy
and suggests that the early symptom onset of some tumors could be
more related to the location of certain tumor foci rather than other
intrinsic features. Supporting this view, is the observation that gliomas
inducing symptoms at early stages are associated with hydrocephalus in
about one third of the cases. The majority of the gliomas inducing

Fig. 4. Analysis of immune cells infiltration in glioma masses. A-B, Computer-assisted camera lucida drawing of brain sections stained with anti-GFP antibody to
label tumor areas (green) and anti-MPO antibody labelling granulocytes (blue dots). Scale bar: 2 mm. C-D, Box plots show the density of MPO-positive cells in the
brain sections (C) and the ratio between the density of MPO-positive cells inside the tumor versus that of the remaining healthy parenchyma (D). E-H, immuno-
fluorescence stainings of low-grade (E,G) and high-grade (F,H) gliomas with anti-GFP antibody labelling tumor cells (in green), anti-CD206-or anti-Arginase-I
antibody as indicated labelling immune-modulatory M2 cells (in red) that are enriched in high-grade gliomas. (I–L) Immunofluorescence stainings of sections of adult
brains 14 days after the injection of low-grade (I–J) or high-grade (K–L) glioma cells using anti-GFP antibody labelling transplanted tumor cells (in green), anti-CD8
or anti-CD4 antibody as indicated (in red). While numerous lymphocytes infiltrate brains transplanted with low-grade glioma cells, very few lymphocytes are found
in the areas surrounding the injection site (dashed lines in K,L) after high-grade glioma cells transplantation. The yellow signal is due to autofluorescence from
necrotic cells inside the injection site. In all immunofluorescence micrographs nuclei were labelled with Hoechst 33342 (in blue). Scale bar: 100 μm (E–F), 50 μm
(G–L). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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symptoms at a later time appears to have progressed towards a more
malignant status, associated with the acquisition of tumor-propagating
ability when transplanted. The analysis of the gene expression profiles
of cells derived from low and high-grade gliomas highlights the pro-
minent involvement of genes that play a role in the stimulation of im-
mune system response, which are strongly downregulated in the high-
grade ones. Considering that several glial components are known to
establish a positive feedback loop when exposed to an inflammatory
stimulus, thereby amplifying the immune system response [37–39], we
can speculate that glioma progression may consist, at least in part, of
the loss of this feedback mechanisms, thus acquiring immunoevasive
abilities.

A clear difference between low- and high-grade gliomas is the
composition of their immune infiltrate. We found that low-grade
gliomas are extensively infiltrated by cytotoxic CD8 lymphocytes,
which are instead rarely observed in high-grade gliomas. This ob-
servation gives a new contribution to the controversy about the sig-
nificance of glioma-infiltrating CD8 lymphocytes: some authors re-
ported that glioblastomas show higher CD8 infiltration than lower
grade gliomas [40]. Other authors showed a negative correlation

between CD8 infiltration and glioma grade [27]. It is worth to notice,
however, that while the latter and our report examined the whole CD8
infiltrate, the former focused on perivascular CD8-positive lymphocytes
which could be related to the stronger remodeling of blood vessel in
glioblastoma. An additional change in the infiltrate composition oc-
curring during the acquisition of tumor-propagating potential is the
increase of granulocytes and macrophage/microglial cells expressing
markers of immunomodulatory phenotypes. All these differences are
not likely due to a difference in the maturity of the immune system of
the tumor-bearing mice. No major differences in the maturation of the
immune system of mice occurs between P30 and P180 [41]. A more
likely interpretation is that at early stages gliomas possess im-
munogenic features that are gradually lost under the selective pressure
of the immune system itself. Gliomas whose localization induces neu-
rological symptoms at early stages likely still retain their im-
munostimulatory features and when transplanted in an im-
munocompetent adult mouse cause an immune response and fail to
graft. On the contrary, transplantation in immunodeficient hosts does
not result in rejection and secondary tumors eventually grow. The
NOD/SCID immune environment likely does not exert the same

Fig. 5. Transplantation of low-grade glioma cells in adult mice. A, experimental design of serial transplantation of early onset/low-grade gliomas in NOD/SCID
or C57BL/6 syngeneic mice to test the role of the immune system in counteracting glioma growth during the early step of gliomagenesis. B, Kaplan-Meier survival
curves of C57BL/6 (gray line) or NOD/SCID (red line) mice transplanted with early onset/low-grade tumor cells show that low-grade gliomas are able to propagate in
NOD/SCID mice. C, Kaplan-Meier survival curves of C57BL/6 (green line) or NOD/SCID (blue line) mice show that cells derived from secondary tumors that grew in
NOD/SCID mice are able to propagate as tertiary tumors even in an immunocompetent mouse background. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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selective pressure on tumor cells allowing the retention of strongly
immunostimulatory features as observed by their gene expression
profile. To some extent, however, the residual immune system com-
ponents found in NOD/SCID mice, mostly macrophages and granulo-
cytes, is likely to eventually allow a progression towards higher grades
of malignancy since these tumors became able to grow in im-
munocompetent adult mice. All in all, the data we present reveals the
strong impact the immune system has on temporal patterns of

progression to malignancy, pointing to roles for both main branches of
the immune system.
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