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Immunotherapy against the radial glia marker
GLAST effectively triggers specific antitumor

effectors without autoimmunity
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The glutamate-aspartate transporter GLAST is a radial glia marker that is highly expressed in GL261 stem-like cells
(GSCs). To target GLAST, we treated glioma-bearing mice with three subcutaneous injections of four GLAST peptides
emulsified with Montanide ISA-51 in association with granulocyte macrophage colony-stimulating factor (GM-CSF)
injections. Vaccination with GLAST peptides significantly prolonged survival, effectively enhanced systemic T-cell and
NK-cell responses and promoted robust antitumor cytotoxicity. GLAST expression significantly decreased in gliomas
from immunized mice, as evaluated by histological analysis and real-time PCR (RT-PCR). Moreover, the immunization
protocol led to the upregulation of interferony (IFNvy) and tumor necrosis factora (TNFa) as well as to the downregulation
of transforming growth factor (TGF) B1 and B2 in the tumor. Beyond these changes, gliomas from immunized mice
exhibited an increased recruitment of NK cells and antigen-specific CD8* T cells expressing the tumor homing molecule
VLA-4, as well as a local chemotactic gradient featuring expression of CXCL10 (which may be responsible for the
recruitment of CTLs), CCL3, CCL4 and CCL5 (which are involved in NK-cell migration), and NKG2D ligand on glioma cells.
Importantly, although GLAST is expressed in the central nervous system, autoimmune reactions were not observed in
immunized mice. Altogether, these results support the contention that GLAST may constitute a glioma antigen against

which immune responses can be efficiently induced without major safety concerns.

Introduction

The current standard treatment for glioblastoma (GB) involves
surgery, radiotherapy and chemotherapy with temozolomide
(TMZ) and is associated with an overall survival (OS) of 14.6
mo."? Phase I/II clinical trials of anti-GB immunotherapy have
demonstrated the feasibility and the safety of this approach.
Moreover, immune-mediated antitumor responses have been
detected in these studies.>'® Dendritic cells (DCs) loaded with
multiple antigens (i.e., tumor cell lysates, tumor-eluted peptides
or fusion products of DCs and GB cells) were used to reduce the
risk of tumor escape due to antigen-loss variants. Interestingly,
strategies focused on promoting antitumor immune responses
against tumor-associated antigens in the central nervous sys-
tem (CNS) have also been proposed.'™'? In addition, the iden-
tification of GB cell subpopulations displaying stem cell gene
expression programs provided the foundation for immunological
studies aimed at targeting these cells. Thus, murine and human
GB cell populations contain a fraction of cells with stem cell-like
features, and it has been proposed that only this population may
be responsible for glioma recurrence. Several groups, including
ours, found that GB populations enriched in glioma stem-like
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cells (GSCs) can give rise to gliomas that closely resemble the
original tumor but that are rather different from the experi-
mental gliomas generated by brain injections of serum-driven
established cell lines.!*'* GSCs have been found to maintain the
genetic alterations of their originating tumor and are tumori-
genic in nude mice.”'® We have found that GSCs can also be
obtained from established cultures of murine gliomas, such as
GL261 cells. DCs loaded with antigens from GL261 GSCs were
significantly more effective than DCs loaded with antigens from
serum-cultured GL261 cells in inducing immune rejection of
highly malignant gliomas that were otherwise lethal in approxi-
mately one month. These findings provide a proof of principle
that targeting cell populations enriched in GSCs may increase
the efficacy of anti-glioma (and possibly anti-tumor) immuno-
therapy.”” Characterization of the gene expression profiles of these
cells revealed five genes related to radial glia, a source of neu-
ral stem cells located in the subventricular zone (SVZ) of the
adult brain, that were upregulated in GL261 GSCs."* We focused
our attention on the surface marker GLAST (astrocyte-specific
glutamate-aspartate transporter), which plays an important role
in glutamate uptake and the regulation of excitatory neurotrans-
mission and prevents glutamate-mediated excitotoxicity in the
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CNS. GLAST is highly expressed in Bergmann glial cells in the
cerebellum and less so in the forebrain and the spinal cord.”?
The expression of GLAST on GB cells supports the idea that
GLAST could be a good target for GB immunotherapy. In this
study, we show that immunization with GLAST-derived peptides
effectively promotes specific antitumor responses. Our data sug-
gest that the absence of autoimmune reactions and toxicity in
this experimental model is associated with a chemotactic gradient

that facilitates the homing of immune cells to the tumor site.
Results

Vaccination with GLAST peptides results in long-term sur-
vival. To determine whether GLAST peptide-based immuno-
therapy is protective against GL261 gliomas, C57BL/6 syngeneic
mice were vaccinated three times with GLAST-derived peptides
beginning four days after intracranial injection of GL261 GSCs
(Fig. 1A). Survival analysis demonstrated that GLAST peptides
provide significant protection against GL261 GSCs. All control
animals (glioma-bearing mice treated with vehicle only) died by
day 25, whereas treatment with GLAST peptides emulsified with
Montanide ISA-51 in combination with granulocyte macrophage
colony-stimulating factor (GM-CSF) injections extended the
survival of mice to 40% (p < 0.002 vs. control) (Fig. 1B). In a
previous set of experiments, a group of mice received GLAST
peptides with imiquimod (an agonist of toll-like receptor 7) as an
adjuvant. This treatment only afforded partial protection against
GL261 gliomas (24.10 = 2.30 d for controls vs. 32.90 + 9.60 d
for immunized mice, mean + SD; p = 0.02) or cytotoxicity (data
not shown).

Vaccination with GLAST peptides induces specific antitu-
mor cytotoxicity. To determine whether GL261-specific effec-
tor cells were generated in response to peptide vaccination,
pre-stimulated splenocytes were assayed for in vitro cytotoxicity
15 d after tumor implantation. The splenocytes were re-stimu-
lated with peptides and tested 5 days later for cytotoxic activity
against GL261 GSCs or NIH 3T3 cells as a negative control,
using an LDH release assay. The splenocytes from mice treated
with GLAST peptides displayed strong cytotoxic activity against
GL261 GSCs when compared with those from control mice
(Fig. 1C). The specificity of the cytotoxicity was confirmed by
the total absence of reaction against NIH 3T3 cells.

To characterize the direct effects of peptide vaccination in
association with GM-CSF treatment on T-cell function, spleens
and cervical draining lymph nodes were harvested 15 days after
tumor implantation and multiple cell populations were quan-
tified by flow cytometry. We observed significant increases in
NK cells, CD8* T cells and CD4* T cells in the spleens and
lymph nodes of immunized mice when compared with controls
(Figs. 1D and S1). RT-PCR analysis of splenocytes revealed that
GLAST peptide administration also enhanced the expression of
interferony (IFNv), tumor necrosis factor a (TNFa) granzyme
B and the NK cell-specific transcription factor E4BP4 (Fig. 1E).
These data support the specificity of the vaccine-induced effec-
tor response and the involvement of NK cells in the response to
GLAST peptide immunization.
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Immunization with peptides specifically targets GLAST-
positive glioma cells and modulates the tumor microenviron-
ment. Fifteen days after tumor implantation, GLAST expression
was significantly decreased in gliomas from immunized mice.
Histological analysis showed that GLAST expression disappeared
during the treatment course (Fig. 2A). GLAST expression was 5.2
+ 2.1-fold lower in the tumors of immunized mice than in those
of mice treated with vehicle only (Fig. 2B). We also observed a
significant reduction in Ki67-positive cells (p < 0.0001) in immu-
nized vs. control mice (Fig. 2C). Immunofluorescence analysis
confirmed that GL261 gliomas from control mice strongly
expressed GLAST and co-expressed nestin on day 22, whereas
GLAST and nestin expression were not detected in gliomas from
immunized mice (Fig. S2).

To characterize the effect of peptide vaccination on the tumor
microenvironment, we investigated the expression of key mol-
ecules involved in immune activation (IFNvy and TNFa) or sup-
pression (transforming growth factor, TGFB1 and TGEP2) by
RT-PCR analysis of freshly harvested tumors from immunized
and control mice (n = 3/group). IFNvy and TNFa expression lev-
els were 9.60 + 0.05- and 16.80 + 0.03-fold higher (p < 0.0001),
respectively, in immunized mice than in control mice. Moreover,
the levels of granzyme B, the serine protease released by CTLs,
and E4BP4 were 25.60 + 0.12- and 15.00 + 0.05-fold higher (p <
0.0001 and p < 0.01), respectively (Fig. 2D). In contrast, TGFB1
and TGEFB2 expression levels were 3.4- and 2.6 = 0.2-fold lower,
respectively, in immunized mice than in control animals (p <
0.001) (Fig. 2E). Similar expression patterns were observed
by RT-PCR analysis of paraffin-embedded gliomas (data not
shown).

Peptide immunogenicity and efficacy are related to granu-
loma formation. To verify the immunogenicity of the GLAST-
derived peptides, we first considered the appearance of potential
local reactions during treatment. Only in immunized mice we
observed the formation of a nodule at each injection site imme-
diately after vaccination, enabling the slow, localized release of
antigen. In immunized mice that displayed prolonged survival
or specific immune reactions, we found four separate granulomas
appearing as localized nodules with different sizes at the locations
where each of the four peptides was administered.

Non-necrotizing granulomas showing a high proliferation
index and lymphocyte accumulation associated with macro-
phages were found at the injection sites of peptide 1 (Fig. 3A).
Granulomas that formed at the injection sites of peptides 2, 3
and 4 were characterized by the prevalence of macrophages, the
total absence of proliferating cells, CD8* and CD4* T cells, and
noticeable central necrosis possibly caused by the activity of Thl
cells (Fig. 3B). In particular, IFNY is considered a major cause
of necrosis in established granulomas as a consequence of exacer-
bated immune responses.?"*

To test the in vitro immunogenicity of the four peptides
used for vaccinations, splenocytes from control and immu-
nized mice were primed in vitro using a mixture of irradiated
antigen-presenting cells (APCs) and peptides. Five days later, the
splenocytes were tested for their ability to proliferate in the pres-
ence of GLAST peptides. Lymphocytes from immunized mice
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Figure 1. (A) Experimental schema of in vivo treatment. C57BL/6N mice were injected i.c. with GL261 GSCs. Immunized mice received three s.c. vac-
cinations on days 4, 11 and 18 with all peptides (15 p.g/single peptide) emulsified in Montanide™ ISA 51 VG. A total of 3 wg of GM-CSF/mouse were
administered during each treatment. Control mice were treated with vehicle only. On days 15 and 22, three mice/group were sacrificed forimmune
monitoring and histological analysis. (B) Kaplan-Meier survival analysis showed that immunized mice (n = 10) survived longer than control mice
(vehicle, n = 10) (p < 0.002). (C) In vitro LDH cytotoxicity assay revealed that splenocytes from immunized mice recognize and lyse GL261 target cells
but not NIH 3T3 cells. (D) Flow cytometry performed on splenocytes from immunized mice showed that the percentages of CD4* and CD8* T cells and
NK cells were significantly increased when compared with controls (upper parts, CD4* cells: 16.20 + 0.60% vs. 8.20 + 1.30%, p = 0.01; CD8" cells: 13.50 +
2.10% vs. 4.10 £ 0.07%, p = 0.02; lower part, NKp46* CD3" cells: 3.00 = 0.30 vs. 0.90 + 0.07, p = 0.009). Data were obtained from three different evalua-
tions and are reported as the mean % + SD of immunized vs. control mice. (E) RT-PCR analysis showed that the splenocytes of immunized mice express

higher levels of IFNy, TNFa and granzyme B. Infiltration of NK cells was investigated by analyzing the relative expression of the transcription factor
E4BP4. **p < 0.001; ***p < 0.0001.
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Figure 2. (A) Histological analysis showed strong and diffuse positivity for GLAST in gliomas from vehicle mice. GLAST expression was decreased in
gliomas from immunized mice (magnification 2.5x and 40x). (B) RT-PCR confirmed the significant decrease in GLAST expression in gliomas from im-
munized mice when compared with control mice (n = 3/group). ***p < 0.0001. (C) Quantitative analysis of Ki67-positive cells summarized as the mean
+ SD of the number of cells counted in 5 different 40x tumor sections. **p < 0.001. (D) Relative expression of IFNy, TNFa, granzyme B, the transcription
factor E4BP4 and (E) TGBR1 and TGFB2 were investigated using RT-PCR on RNA from immunized and control mice. **p < 0.001, ***p < 0.0001, ****p <

proliferated significantly more than lymphocytes from vehicle-
receiving mice. The ability of peptides 2, 3 and 4 to induce
robust proliferation correlated well with their in vivo immuno-
genicity (Fig. 3C).

The lack of autoimmune reactions and demyelination sup-
ports the safety of GLAST-peptide administration. GLAST is
not a glioma-specific antigen, and the risk of vaccinating with
this antigen must be weighed carefully owing to the possibility
of inducing autoimmune reactions targeting the CNS. To test
whether the administration of GLAST-derived peptides might
damage healthy areas of the CNS, we evaluated brain sections
from immunized mice by hematoxylin and eosin (H&E) and
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Luxol Fast Blue (LFB) staining. We examined brain samples col-
lected at different time points after immunization and observed
that highly myelinated areas, such as the corpus callosum and
the internal capsule, were densely stained with LFB, demonstrat-
ing that demyelination had not occurred in these mice. We also
observed the integrity of the SVZ, where GLAST is expressed by
radial glia-derived neural stem cells (Fig. 4A and B) and of the
cerebellum (Bergmann glia). There was no evidence of immune
cell infileration, and GLAST positivity was comparable in immu-
nized and control mice (Fig. 4C and D).

Increased local recruitment and tumor tropism of anti-
gen-specific T cells in immunized mice appear to be related
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Figure 3. (A) Granulomas derived from the injection site of peptide 1 appeared well developed and exhibited non-necrotic tissues. They were highly
proliferative, as indicated by Ki67 staining and were infiltrated by CD4*, CD8* and CD11b* cells. (B) Granulomas from peptide 4 injection sites exhibited
central necrosis, a total absence of Ki67-positive cells, CD8* and CD4* T lymphocytes and a massive CD11b*-cell infiltration. (C) Splenocytes derived
from immunized mice proliferated significantly more than splenocytes derived from vehicle mice. This was particularly apparent in the presence of

to enhanced expression of chemoattractants. The absence of
autoimmune signs supports the idea that activated immune cells
selectively travel to the tumor site. We isolated infiltrating lym-
phocytes from freshly harvested tissues (n = 4 for each group)
and evaluated the percentage of CD4* and CD8* T cells within
the CD3* T cell population by flow cytometry. Representative
plots show that CD4* T and CD8* T cell infiltration of tumor
tissues was significantly increased in immunized mice (p < 0.001
and p = 0.01, respectively) (Fig. 5A). In addition, the percent-
age of CD8* T cells expressing VLA-4 was higher in immunized
than in control mice (p = 0.004), supporting the efficient CNS
homing of CTLs activated upon peptide vaccination.” The fre-
quency of NKp46*CD3" NK cells was very low in tumors from
vehicle-treated mice and appeared to be slightly, but significantly,
increased in tumors from immunized mice (p = 0.002).

We next hypothesized that the attraction and recruitment of
immune cells may be directed by the presence of chemoattrac-
tant factors. We thus examined the expression of CCL2 (which

888

Oncolmmunology

is involved in attracting immunosuppressive regulatory T cells,
Tregs), CXCLI10 (which is responsible for specific CTL recruit-
ment), CCL3, CCL4 and CCLS5 in immunized and control mice
15 d after tumor implantation. We performed RT-PCR and com-
pared the results from the left hemisphere, where tumor cells
were implanted, to those from the contralateral hemisphere and
from tumor-free brain tissue.

We found that CCL2 expression was 5.80 + 0.10-fold
lower and CXCL10 expression was 11.70 + 0.01-fold higher in
immunized mice, compared with their control counterparts
(p < 0.0001). Similarly, we found a significant increase in VLA-4
(CD49d) expression (26.60 = 0.20-fold higher in immunized
mice vs. controls, p < 0.001) (Fig. 5A) and in CCL3 and CCL4
expression (2.20 + 0.10- and 2.00 + 0.30-fold higher, respectively,
p < 0.001) (Fig. 5B). CCL5 was expressed at lower levels than
the other chemokines in control mice and was increased signifi-
cantly in immunized mice (15.00 + 0.70-fold higher, p < 0.0001)
(Fig. 5C).
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Discussion

Our studies focus on increasing the therapeutic efficacy
of GB immunotherapy by targeting GSCs, the fraction of
GB tumor cells endowed with characteristics of stem cells.
GLAST, the radial glia marker used in this study as a target
for immunotherapy, has not previously been reported to be
expressed in GSCs. By characterizing the expression profiles

immunized

of GL261 GSCs, we detected the upregulation of five genes
that are also expressed in radial glia.” We then investigated
the possibility of isolating GSCs using GLAST as a mem-
brane marker. GLAST-derived peptides emulsified with the
adjuvant Montanide ISA-51 and administered in conjunc-
tion with GM-CSF were effective in prolonging survival,
enhancing systemic and local immunity, and modifying
the tumor microenvironment. Loss of GLAST expression

in gliomas from immunized mice provided evidence of the
induction of a specific antitumor immune response against
GLAST-expressing tumor cells that resulted in subsequent
immunoediting and tumor escape.’** A recent example of
immunoediting was provided by studies involving immu-
notherapy targeting the tumor-specific EGFRvIII mutation,
which is highly expressed in GB.*

In spite of immunoediting, however, we found that

immunized

targeting the radial glia marker GLAST significantly
increased the survival of mice bearing GL261 gliomas.
We also observed a remarkable modulation of the glioma
microenvironment and an increase in peripheral NK cells
in immunized mice. In addition, the NK cell-specific tran-
scription factor E4BP4 ¥ was expressed at higher levels in
gliomas from immunized mice than in those from control
mice, confirming the contribution of NK cells to the anti-

tumor response. NK-cell infiltration led to increased IFNvy

expression, and its local accumulation exacerbated CXCL10

Figure 4. (A and B) H&E and LFB staining of the subventricular zone revealed
the total absence of demyelination in the brains of immunized when com-
pared with healthy brains. Highly myelinated areas appear densely stained
with LFB (magnification 5x and 20x). (C and D) H&E staining of cerebellar tis-
sue showed a structural integrity (magnification 5x) that was also confirmed
by strongly positive GLAST staining at the level of Bergmann glial processes
in immunized mice when compared with healthy mice (magnification 2.5x

production in the glioma microenvironment. CXCLI0, in
turn, was responsible for the recruitment of antigen-specific
CTLs, defined as Tcl, to GL261 gliomas. The production of
IFNy and the expression of VLA-4 by antigen-specific Tcl

cells were found to be critical for efficient infiltration into
11,28

and 20x). Representative images from three mice are shown.

the glioma mass.

These data suggest that the CCL3/CCL4/CCL5 axis may
play a role in the accumulation of immune cells (and particu-
larly of NK cells) at the sites of tumor formation. To test this
hypothesis, we investigated the expression of the NKG2D ligand
(NKG2DL), and found that its was expressed at very low lev-
els or was absent in control mice, while it was upregulated in
immunized mice, suggesting that the GLAST peptide-induced
anti-tumor immune response involves NKG2D-mediated NK
cell recognition of tumor cells (Fig. 5C). In further support of
the hypothesis that infiltrating and local cells cooperate to cre-
ate a chemotactic gradient, we found that the expression levels
of these chemokines were increased in immunized mice after a
single injection of GLAST peptides (data not shown).
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NK cells are able to recognize the loss of MHC I mol-
ecule, an important event in tumor immunoediting. Recent
studies also show the potential of an NK-cell response in
fighting GSCs.?** In agreement with these findings, we detected
upregulation of NKG2DL expression in gliomas from immu-
nized mice. NKG2DL is weakly expressed or absent in GSCs,*!
and TGF seems to be responsible for both this decreased expres-
sion of NKG2DL3*% and the downregulation of NKG2D recep-
tor on NK cells.** Thus, the downregulation of TGFB observed
in mice immunized with GLAST peptides could influence
NKG2DL expression and reverse the suppression of NK cells.

The efficacy of our therapeutic strategy could be hampered by
immune tolerance, as GLAST is expressed by the normal CNS
tissue; conversely, the absence of tolerance could result in autoim-
mune reactions. Our data suggest that the absence of toxicity fol-
lowing GLAST-derived peptide immunization may be attributed
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Figure 5. (A) CNS-infiltrating CD4* and CD8* T cells and NK cells isolated from the glioma-bearing hemisphere on day 15 were more abundant in im-
munized mice than in control mice. The numbers reported in the dot plots represent the frequency of the investigated subpopulations. RT-PCR analy-
sis showed the expression profile of different chemokines. (B) CCL2 expression was measurable in vehicle control mice and decreased significantly in
immunized mice. CXCL10 and VLA-4 expression levels were higher in immunized mice when compared with control mice. (Cand D) CCL3, CCL4, CCL5
and NKG2DL were expressed at higher levels in immunized than in control mice. mRNA levels from the hemisphere where the tumor cells were im-
planted and from the contralateral hemisphere were normalized to the relative quantity of B2-microglobulin. The relative expression of chemokines
was compared with that detected in normal brain tissue.

to the recruitment of activated immune cells to the tumor site
by a chemotactic gradient. In particular, gliomas in GLAST
peptide-treated mice displayed upregulation of CXCLIO con-
comitant with downregulation of CCL2, an important chemo-
kine involved in Treg migration.* Furthermore, we found that
CCL5 was highly expressed in gliomas of immunized mice. This
chemokine may play a dual role depending on its source. CCL5/
RANTES (regulated upon activation, expressed and secreted
by normal T cells) induces chemotaxis in T cells, monocytes,
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dendritic cells, NK cells, eosinophils and basophils.’**' When
produced by CD8* T cells, CCLS5 is associated with effector func-
tions, together with CCL3 and CCL4,** and antigen-specific
T cells are activated in response to CCL5.* In contrast, tumor-
secreted CCLS5 is deleterious and acts as an immunosuppressor,
and its inhibition improves the efficacy of immunochemother-
apy.“® GL261 gliomas treated with vehicle express low levels of
CCL5, whereas gliomas from mice immunized with GLAST
peptides express much higher levels of CCL5. These findings
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support the idea that, in our experimental system, CCL5 expres-
sion is related to the presence of infiltrating immune cells. In con-
clusion, both NK cells and CD8* T cells can play an important
role in tumor rejection: NK cells may be one important source of
IFNY, a crucial cytokine that mediates CD8* T-cell activation.?’
GLAST peptide immunotherapy delayed and, at least in some
cases, abolished tumor growth, resulting in the survival of 40%
of the immunized mice. Recent studies suggest that some che-
motherapeutic agents possess immune stimulatory effects.®4 We
thus plan to design immunochemotherapy combinations in an
attempt to potentiate the specific antitumor immunity achieved
following GLAST peptide immunization. In addition, a more
complete appraisal of the safety of GLAST immunotherapy is
essential to assess the translational potential of these findings.

Materials and Methods

Cell culture. GL261 glioma cells were cultured in DMEM-F12
Glutamax™-1 (Life Technologies), B-27 supplement 1x (Life
Technologies), penicillin/streptomycin 1x, human recombinant
epidermal growth factor (EGF; 20 ng/ml; Peprotech), and human
recombinant fibroblast growth factor-2 (FGF-2; 20 ng/ml;
Peprotech). The spleens and draining lymph nodes of immu-
nized and control mice were surgically removed and mechanically
processed in RPMI 1640 basal medium (LONZA) containing
5% fetal bovine serum, 20 mM HEPES, 2% L-glutamine and
penicillin/streptomycin. Erythrocytes were lysed with ice-cold
ACK buffer, and lymphocytes were resuspended in RPMI 1640
supplemented with 10% fetal bovine serum, 2% penicillin/strep-
tomycin, 2% L-glutamine, 50 wM B-mercaptoethanol, 100 mM
sodium pyruvate and 100x nonessential amino acids. We also
added 10 U/ml human recombinant IL-2 (Roche) to the medium
for all in vitro experiments.

Peptide prediction. To determine whether GLAST peptide-
based immunotherapy is protective against GL261 gliomas, we
used the SYFPEITHI (http://www.syfpeithi.de/) and BIMAS
(www.bimas.cit.nih.gov/molbio/hla_bind/)
algorithms to identify high-scoring target peptides contain-

binding-motif

ing both the murine major histocompatibility complex (MHC)
H-2D" and the human HLA-A*0201. We selected four peptides:
Pepl,,, ., YLERNAEVL, score 23; Pep2,,,, ,, SLVTGMAAL,
score 18; Pep3 . .. TLPITFKCL, score 165 and Pep4 ,,, ,
ALYEALAAI, score 15. The complete sequence of GLAST
is available in the UniProt database (www.uniprot.org/).
Lyophilized peptides were purchased from Primm (Primm S.r.])
and resuspended at a final concentration of 5 mg/ml/peptide
using SEPICLEAR™ 01 PPI (SEPPIC), a lipoamino acid com-
pound designed to dissolve poorly soluble peptides.

In vivo experiments. A total of 38 C57BL/6N mice (Charles
River Laboratory), 19 immunized and 19 controls (10 mice per
group for survival studies and 9 mice per group for immunologi-
cal and histological studies), were injected with 1 x 10> GL261
cells/mouse into the nucleus caudatum using a stereotactic
frame. The stereotactic coordinates with respect to the bregma
were as follows: 0.7 mm posterior, 3 mm left lateral and 3.5 mm
deep into the nucleus caudatum. The immunized mice received
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subcutaneous (sc) injections of all four peptides (15 pg/pep-
tide) into different areas of the flank on days 4, 11 and 18 after
tumor implantation (day 0). The peptides were emulsified with
Montanide™ ISA 51 VG (1:1) (SEPPIC) using two 2-ml sterile
Luer Lock glass syringes (Artiglass S.r.1) and a three-way stopcock
connector (MOVI S.p.A.) as recommended by the manufacturer.
The immunized mice received a total of 3 g of recombinant
murine granulocyte macrophage colony-stimulating factor
(GM-CSF) (Miltenyi Biotec) spread out over three injections
into the same area of the peptide injections, beginning one day
before the first vaccination. The control mice were treated with
vehicle only (Montanide) on the same days as the immunized
mice were vaccinated and injected with GM-CSF according to
the experimental schema (Fig. 1A).

Cytotoxicity assay. Lymphocytes from immunized and control
mice were isolated on day 15 after tumor implantation. We tested
their ability to recognize and lyse GL261 cells in vitro. A total of
2 x 10° splenocytes were pre-stimulated for 5 days in the presence
of 5 x 10° 3-Gy-irradiated naive splenocytes as antigen present-
ing cells and 5 pg/mL of each peptide. The cells were cultured in
24-well tissue culture plates in a final volume of 2 mL/well of com-
plete RPMI 1640 supplemented with 10 U/mL IL-2. Splenocytes
from healthy mice were irradiated (43855F Cabinet X-ray System,
Faxitron® X-ray Corporation) and used as antigen presenting cells.
Pre-stimulated lymphocytes were tested for GL261-specific cyto-
toxicity using different effector:target (E:T) ratios (10:1, 20:1 and
40:1). NIH 3T3 cells were used as negative controls. To quantify
cell lysis, a non-radioactive cytotoxic assay (Cytotoxicity detection
kit LDH, Roche) was performed according to the manufac-
turer’s instructions. Absorbances for the various cell groups were
used to calculate the percentage of specific cytotoxicity according
to the following equation: (effector:target cell mix - effector cell
control) - low control/(high control - low control) x 100, where
the high and low controls correspond to the background target
absorbance and the maximum target absorbance, respectively.

Proliferation assay. Immunized and control mice were sac-
rificed 15 days after tumor implantation, and a total of 2 x 10°
splenocytes were primed for 5 days in the presence of 5 x 10°
3-Gy-irradiated naive splenocytes as antigen presenting cells,
5 pg/mL of all peptides and 10 U/ml of IL-2. After pre-stim-
ulation, 5 x 10> splenocytes were incubated for 24 h or 48 h in
the presence of single peptides (5 wg/ml) and IL-2 and tested
for their ability to proliferate. The number of viable cells was
assessed using MTT Reagent (Millipore). The data are expressed
as the percentage of proliferation, which is calculated according
to the following equation: (OD stimulated splenocytes - OD
splenocytes without peptide)/OD stimulated splenocytes x 100.

Isolation of CNS-infiltrating lymphocytes. CNS-infiltrating
lymphocytes were isolated using a tumor dissociation kit (mouse,
Miltenyi Biotec) on day 15 after tumor implantation. Briefly, gli-
oma-bearing hemispheres (where GL261 cells were injected) from
immunized and control mice (n = 4/group) were explanted, cut
into small pieces of 2—4 mm, and dissociated using GentleMACS
(Miltenyi Biotec) according to manufacturer’s instruction. The cells
were then suspended in PEB buffer (PBS/0.5% bovine serum albu-
min/2 mM EDTA) for labeling and flow cytometry evaluation.
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Flow cytometry. Lymphocytes from spleens, cervical draining
lymph nodes and explanted gliomas of immunized and control
mice were used for immune monitoring. Briefly, 1.5 x 10° cells were
stained in PBS for 30 min at 4°C with the following antibodies:
anti-CD4 PE-Cy5 (BD Bioscience), anti-CD3 FITC (Biolegend),
anti-CD8-FITC (BD Bioscience), anti-CD8-PE (Biolegend), and
anti-CD49d-APC (Miltenyi Biotec). For NK cell detection, an
anti-NKp46-PE antibody (Miltenyi Biotec) was used according to
the manufacturer’s instructions. Flow cytometry acquisition was
performed on a MACSQuant instrument, and the data were ana-
lyzed with the MACSQuantify Software (Miltenyi Biotec).

Real-time PCR (RT-PCR). Total RNA was isolated from
freshly harvested GL261 gliomas, lymphocytes and paraffin-
embedded samples from immunized and control mice and used
for gene expression analysis. Similar studies were also performed
on cells from in vitro experiments. RNA was extracted with
TRIzol reagent (Life Technologies) using the RNeasy MINI KIT
(Qiagen) and the RNase-Free DNase Set (Qiagen). For paraffin-
embedded samples, the Absolutely RNA FFPE kit (Stratagene)
was used according to the manufacturer’s instructions. cDNA
was synthesized from total RNA using oligo (dT) and M-MLV
Reverse Transcriptase (Life Technologies). Specific primers
for target genes were designed for Fast SYBR Green chemistry
(Applied Biosystems) and purchased from Primm S.r.l. The rela-
tive mRNA levels were measured using a 7500 Real-Time PCR
System (Applied Biosystems) and calculated using the AACt
method. The expression levels of the target genes were normal-
ized to the expression level of B2-microglobulin. The sequences
of the primers are reported in the Supplemental Materials.

Histology and immunohistochemistry. Immunohisto-
chemical analysis of GLAST (Santa Cruz), Ki67 (BD Bioscience),
CD8 (R&D Systems), CD4 (R&D Systems), and CD11b (BD
Bioscience) was performed on paraffin-embedded sections. For
double immunofluorescence, the tumor sections were incubated
with anti-GLAST and anti-nestin antibodies overnight at 4°C
and then incubated with Alexa Fluor 488-conjugated anti-rabbit
secondary antibody. Quantitative analyses were performed on
three to five independent fields per tumor by counting the num-
ber of cells in the photographed fields using the 40x objective of
a Leica DM-LB microscope.

Statistical analysis. The differences between groups were
analyzed using two-tailed Student’s t-tests and were considered
statistically significant when p < 0.05.
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