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Abstract 1L-17A, produced by Th17 cells, may play a
dual role in antitumor immunity. Using the GL261-glioma
model, we investigated the effects of Th17 cells on tumor
growth and microenvironment. Th17 cells infiltrate mouse
gliomas, increase significantly in a time-dependent manner
similarly to Treg and do not express Foxp3. To charac-
terize the direct effects of Th17 cells on GL261 murine
gliomas and on tumor microenvironment, we isolated
IL-17-producing cells enriched from splenocytes derived
from naive (nTh17) or glioma-bearing mice (gTh17) and
pre-stimulated in vitro with or without TGF-f. Spleen-
derived Th17 cells co-expressing IL-17, IFN-y and IL-10,
but not Treg marker Foxp3, were co-injected intracranially
with GL261 in immune-competent mice. Mice co-injected
with GL261 and nTh17 survived significantly longer than
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gTh17 (P < 0.006) and gliomas expressed high level of
IFN-y and TNF-«, low levels of IL-10 and TGF-f. In vitro
IL-17 per se did not exert effects on GL261 proliferation;
in vivo gliomas grew equally well intracranially in IL-17
deficient and wild-type mice. We further analyzed rela-
tionship between Th17 cells and Treg. Treg were signifi-
cantly higher in splenocytes from glioma-bearing than
naive mice (P = 0.01) and gTh17 produced more IL-10
than IFN-y (P = 0.002). In vitro depletion of Treg using
PC61 in splenocytes from glioma-bearing mice causes
increased IL-17/IFN-y cells (P = 0.007) and decreased
IL-17/IL-10 cells (P = 0.03). These results suggest that
Th17 polarization may be induced by Treg and that Th17
cells in gliomas modulate tumor growth depending on
locally produced cytokines.

Keywords Thl7 cells - Regulatory T cells - Glioma
microenvironment - IL-17A

Introduction

Th17 cells are a subset of T helper cells producing IL-17.
They play a role in inflammation and tissue injury [1] and
their dysregulation may cause autoimmune diseases [2, 3].
Simultaneous presence of TGF-f and IL-6 may drive the
differentiation of murine Th17 cells [4]. Mechanisms
causing the formation of human Th17 cells are not well
defined. Recent observations suggest that IL-1 in combi-
nation with IL-6 and IL-23 provide an optimal cytokine
cocktail for Th17 differentiation [5-7]. Other studies
suggest that TGF-f is also important for human Th17
generation [8—10]. The involvement and function of Th17
cells in cancer must be elucidated. Th17 cells have been
investigated in several human cancer such as ovarian
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[11, 12] and prostate cancer, [13] both in peripheral blood
of patients, where they represent a small population, and in
tumor tissues, where they are more abundant. In gastric
cancer [14], blood Th17 cells increase with tumor stage. In
other types of cancers, including melanoma, breast and
colon carcinoma, increased percentages of tumor-infiltrat-
ing Th17 cells have been found compared with normal
tissues [15], suggesting mechanisms for the accumulation
of Th17 cells in tumor microenvironment. More recently,
Th17 cells have been shown to favor the regression of
established tumors in mouse models [16, 17], and a recent
work has identified the presence of Th17 cells in human
and murine malignant gliomas co-expressing the regulatory
T cells (Treg) lineage marker Foxp3 [18].

In this study, we confirmed the infiltration of Th17 cells
in a mouse malignant glioma, demonstrating in addition
that Th17 cells increase during tumor development in
correlation with Treg. We also observed that Th17 cells are
involved in glioma development and in modulation of
tumor microenvironment and that are able to influence both
tumor inhibition and tumor progression. We further pro-
vide novel insights into the role of Treg in modulating the
Th17 cell phenotype and cytokine profile. In particular,
Treg may contribute to Th17 cell tumor-promoting activ-
ity, inducing IL-10 rather than IFN-y secretion.

Materials and methods
Cell cultures

GL261 cells were grown in DMEM/F12 (Life Technolo-
gies, Gaithersburg, MD), supplemented with penicillin/
streptomycin sulfate, B-27 (Life Technologies), human
recombinant fibroblast growth factor 2 (FGF-2; 20 ng/ml;
Peprotech, Rocky Hill, NJ), epidermal growth factor (EGF;
20 ng/ml; Chemicon, Germany) and heparin (Sigma-
Aldrich, St. Louis, MO).

Spleens were surgically removed from 6 weeks old
naive mice or from mice 20 days after intracranial injection
of GL261 cells.

Briefly, splenocytes depleted of red cells were cultured
in 25 cm? flasks at 40:1 E/T (effector/target) ratio with
20 Gy irradiated GL261 cells in RPMI 1640, 10% fetal
bovine serum, 2% penicillin/streptomycin, 2% L-gluta-
mine, 50 uM beta mercaptoethanol, 100 mM sodium
pyruvate, 100x nonessential amino acids. Irradiation of
GL261 cells was performed on a 43855F Cabinet X-ray
System (Faxitron® X-ray corporation, Whelling Illinois,
USA). Splenocytes and irradiated GL261 cells were
co-cultured in the presence or absence of 5 ng/ml of
recombinant human TGF-f1 (R&D Systems, Minneapolis,
MN) for 24 and 48 h. Interleukin-17 secreting cells were
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immunomagnetically isolated and enriched with the Mouse
IL-17 Secretion Assay—Cell Enrichment & Detection Kit
(PE) (Miltenyi Biotec, Auburn, CA).

In vivo experiments

A total of 50 C57BL6N mice (5/group for survival and
S/group for MRI) received brain injections of 1 x 10°
GL261 cells and 5 x 10* enriched Th17 cells using five
different combinations (see Fig. 3a): (a) GL261 cells alone
(n = 10); (b) GL261 cells and Thl7 cells from naive
splenocytes (nTh17, n = 10); (c) GL261 cells and Thl7
cells from naive splenocytes cultured in the presence of
rhTGF-f (TGF-nTh17, n = 10); (d) GL261 cells and Th17
cells from glioma-bearing splenocytes (gThl7, n = 10);
and (e) GL261 cells and Th17 cells from glioma-bearing
splenocytes cultured in the presence of thTGF-f1 (TGF-
g¢Th17, n = 10). The stereotactic coordinates with respect
to the bregma are: 0.7 mm posterior, 3 mm left lateral,
3.5 mm deep into the nucleus caudatum. A total of 50
C57BL6N mice received subcutaneous co-injection of
4 x 10° enriched Th17 cells and 8 x 10° GL261 cells
using the same different combinations as described
previously.

Animals were monitored every day until killed, in
accordance with current directives of the IFOM-IEO
campus animal house facility, Ethics Committee of the
Institution and Minister of Health.

MRI studies

Magnetic resonance imaging (MRI) was performed on a 7
Tesla Bruker BioSpec 70/30 USR Preclinical System at 8
and 16 days after tumor implantation.

T2-weighted RARE sequence and T1-weighted spin
echo sequences had been performed before and after
intraperitoneal injection of contrast medium (Gadolinium
DTPA).

Intracellular staining

Intracellular staining and FACS analysis were performed
using the following antibodies: Anti-IL-17A FITC (Milte-
nyi Biotec), anti-IL-10 PE (eBioscence, San Diego, USA),
anti-IFN-y PE (Miltenyi Biotec) and anti-Foxp3 PE
(eBioscience). Briefly, 1.5 x 10° cells were surface stained
for 30 min at 4°C with anti-CD4 PE-Cy ™5 (BD Pharm-
ingen) and anti-CD25 FITC (BD Pharmingen) antibodies in
PBS; for intracellular staining of cytokines, T cells were
fixed and permeabilized with the BD Cytofix/Cytoperm™
Fixation/Permeabilization kit. Flow cytometry acquisition
was performed on a FACSCalibur and analyzed with
CellQuest software.
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Real-time PCR (RT-PCR)

RNA for RT-PCR from paraffin-embedded material was
extracted using the Absolutely RNA FFPE kit (Stratagene,
S. Diego, CA). cDNA was synthesized from the RNA using
oligo (dT) and M-MLV Reverse Transcriptase (Life
Technologies, Carlsbad, CA).

Specific primers for the target genes were designed for
Fast SYBR® Green chemistry (Applied Biosystems) and
then purchased from Primm (Primm s.r.]., San Raffaele
Biomedical Science Park—Milan, Italy). TagMan® Gene
Expression Assays were purchased from Applied Biosys-
tems. cDNA templates were analyzed on a 7500 Real-Time
PCR System (Applied Biosystems). The sequences of
primers for target genes are shown in Supplemental Fig. 2.
The relative mRNA expression level of all genes investi-
gated was calculated using the AACt method and normal-
ized with respect to the beta-2-microglobulin (b2m).

Histology and immunohistochemistry

Immunohistochemical analysis of Ki67 (BD Pharmingen),
CD4 (R&D System), IL-17A (Santa Cruz Biotechnology,
Santa Cruz, CA) and Foxp3 (eBioscience) was performed
on paraffin-embedded sections.

For double immunofluorescence, tumor sections were
incubated with anti-IL-17A, anti-CD4 and anti-Foxp3
antibodies overnight at 4°C and then with Alexa Fluor
594-conjugated anti-rat antibody for the detection of CD4
and Foxp3 and with Alexa Fluor 488-conjugated anti-rabbit
antibody for the detection of IL-17. Quantitative analysis
was made on three to five independent fields per tumor by

>

Day 10

Day 20

Fig. 1 Increment of Thl7 cells infiltration during glioma progres-
sion. a On day 10, only few CD4+ cells are detected inside the tumor
area: most of double-positive lymphocytes, recruited from peripheral
lymphoid organs, are concentrated around the tumor vessels. On day
20, after GL261 injection, the microenvironment immunocharacter-
ization shows an increment of CD4+ IL-174 population and double-
positive cells are distributed as cellular cluster within the tumor area.

counting the number of cells in the photographed fields
using a 40x objective of Leica DM-LB microscope.
Statistical comparisons of data sets were performed by a
two-tailed Student’s ¢ test. The data were considered to be
significantly different when P < 0.05.

Statistical analysis

Differences between groups were considered statistically
significant for a P value < 0.05 calculated with the two-
tailed Student’s ¢ test.

Results

Infiltrating Th17 cells increase in GL261-gliomas
in a time-dependent manner

To evaluate the potential involvement of Thl7 cells in
glioma development, we first investigated their presence in
the tumor microenvironment. Mice intracranially injected
with GL261-glioma cells died by day 25. We examined the
distribution of Th17 cells (CD4+ IL-17+ cells) in GL261-
gliomas 10 and 20 days after tumor implantation (Fig. 1a).
On day 10, Th17 cells were preferentially located in
perivascular spaces, while on day 20, Th1l7 cells were
distributed into the tumor mass. For quantitative determi-
nation of Th17 cells, we obtained TIL from fresh gliomas
(n =3 for each time point) and evaluated by flow
cytometry-infiltrating Th17 cells as a percentage of CD4+
cells. Representative plots showed that Th17 cells in gated
CD4+ cells increased significantly from 7.9 £ 1.9 on day
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Isotype control cells are not detectable in GL261-glioma (data not
shown). b Infiltrating Th17 cells investigated by flow cytometry
increased from 7.9 £ 1.9 on day 10 to 13.1 £5.2 on day 20
(P = 0.03). The panels show a representative dot plot and mean
percentage value + SD obtained from three different evaluations at
each time point
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10 to 13.1 £ 5.2 on day 20 (Fig. 1b) (P = 0.03). No
infiltration of CD4+ T cells was detected in a pool of
normal brains used as control (data not shown). We further
studied the distribution of Th17 cells in relationship with
Treg at different time points. Staining for Foxp3 and IL-17
was performed on adjacent sections of paraffin-embedded
brains at different time points. The same blood vessels in
adjacent sections are shown in Fig. 2a. We found that both
Foxp3 and IL-17 positive cells are preferentially located
near blood vessels on day 7, 10 and 15. In contrast on day
19, Foxp3 and IL-17 positive cells are preferentially dis-
tributed into the tumor parenchyma. Foxp3 and IL-17
positive cells were differentially distributed, and double-
positive cells were not found. Quantitative analysis eval-
uvated on day 10 and 19 is summarized in histogram
(Fig. 2b).

We observed a significant increase in Treg and Thl7
cells during tumor development (P = 0.001). Treg were
significantly higher than IL-17 positive cells in tumors at
both time points (P = 0.03, day 10; P = 0.006, day 19).

We failed to identify the concomitant expression of
IL-17 and Foxp3 (Fig. 2c) suggesting that Th17- and

Day 15 Day 10 Day 7

Day 19

Fig. 2 Treg and Th17 cells are differentially distributed into the
tumor mass. a Arrows indicate the same blood vessels in adjacent
sections of tumors evaluated for the presence of infiltrating Foxp3 and
IL-17 positive cells at different time points; 7, 10, 15 and 19 days
after tumor implantation. Two representative mice for each time point
have been investigated, and representative images are displayed.
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Foxp3-positive cells were independently infiltrating the
growing glioma.

Th17 cells play a dual role on tumor growth

To characterize the direct effects of Th17 cells on GL261-
glioma growth, we isolated IL-17-producing cells from
splenocytes of naive (n) or glioma-bearing mice (gl). IL-17
cells were then pre-stimulated in the presence of irradiated
GL261 cells for 24 and 48 h with or without TGF-f.
(Fig. 3a).

Flow cytometry analysis showed that magnetic separa-
tion resulted in a fraction containing 68 £ 1.5% IL-17
positive cells, that was enriched for CD3/CD4+ T cells
(73.1 £ 6.6%) and depleted for CD4+ CD25+ Foxp3+
cells (0.5 &+ 0.3%) and for CD3/CD8+ T cells (3.4 +
0.3%). In the IL-17 negative fraction, the percentage of
CD3/CD4 positive T cells was significantly lower
(15.8 £ 8.2, P < 0.00001), while CD4+ CD25+ Foxp3+
and CD3+ CD8+ cells were significantly higher (15.8 +
8.2, P =0.003; 6.7 £ 2.1, P = 0.02, respectively) (Sup-
plemental Table 1).

B Foxp3+
olL-17+ *x
*k
Day 10 Day 19

A7
=17

b Quantitative analysis is summarized in histogram, results are
expressed as mean £ SD of positive cells in 5 areas/mouse/time point
(number of positive cells/S different 40x HPF). ¢ Immunofluores-
cence of GL261-glioma on day 19 showed infiltrating CD4+- IL-17+
population double-positive cells, but negative for Treg marker Foxp3.
Foxp3-positive cells do not co-express IL-17



Cancer Immunol Immunother (2011) 60:1739—-1750 1743
Fig. 3 Spleen-derived Th17 A =
cells express IL-17, IFN-y and bearir?m:'l-ice
IL-10 and do not express Foxp3. Naive 2 SD‘E':‘%";{;"::"’"‘
a Schematic experimental “—\ “——\ glioma bearing irradiated
procedure. Spleen from naive mice GL261
C57BL6N and glioma-bearing | er ASX A@x * L
mice was surgically removed, P T T ‘.
and splenocytes were co- isolated spleen x2x XX 1o # - Naive mice-
cultured in vitro Wit.h irradiated ‘ox ASX ASX ::_'::;cmzl'%’
GL261 tumor cells in the : - Naive mice-
presence or absence of thTGF- \ / :;éﬁ:mﬂ::ﬁﬁilﬂmﬁ
B1. IL-17 secreting cells from IL-17 catch ’”““II “ ¥ splenocytes co-,— o _..Yt
; ~ Tt Itures with | - Glioma bearing mice-

different co-culture conditions .:. %nrlchmem of 'Thffgi n?a'-'d‘:;:d 01261 splenocytes+iGL261
(see the box below) were - with ?rrG \;ithout (gl-splenocytes)
isolated and enriched ILA7 secreing colls “planccytessIOL26TTOR)
immunomagnetically. Th17 - (TGF-gl-splenocytes)
cells were co-injected
int;acraniallyl(ic) and  GLae Th17 v GIEZ:; + TGFG"S::? % TGF-gTh17 +
subcutaneously (sc) with GL261 ® ic or s¢ _ & GL261
cells in immune-competent .. - injection of  _—{h —
mice. b Th17 cells enriched by nTh17 + GL261
. ) . gTh17 + GL261
immunomagnetic separation — & @0
were characterized by RT-PCR.
All fractions express high levels
of IL-17 and different B 25+
expression of IFN-y and IL-10 mL-17
(*P < 0.01; **P < 0.0001;
#5%P < 0.00005). As shown in O Foxp3
histogram, Foxp3 has not been - 20 1
detected % 8 IL-10

S O IFN-y

c

S 15 1

S *kk

(]

5

*%

5 10

1]

2=

wht

-“; *kk

g 5

*kk
' ual
0 - T -
nTh17 TGF-nTh17 gTh17 TGF-gTh17

To verify whether Th1l7 cells derived from spleen
resemble glioma infiltrating Th17 cells, we investigated the
mRNA levels of IL-17, Foxp3, IFN-y and IL-10 in IL-17
positive fractions (nThl7, TGF-nThl7, gThl7, TGF-
gTh17, see scheme Fig. 3a). All Th17 fractions expressed
high levels of IL-17 (Fig. 3b), variable levels of IFN-y and
IL-10 and do not express Foxp3. A significant increase in
IL-10 expression in gTh17 and TGF-gThl7 compared to
nTh17 was accompanied by a significant decrease in IFN-y.
Th17 cells derived from naive (nTh17 and TGF-nTh17) or
glioma-bearing mice splenocytes (gTh17 and TGF-gTh17)
were co-injected intracranially (ic) or subcutaneously (sc)
with GL261 cells into immune-competent mice. Mice
injected ic were monitored by magnetic resonance imaging

(MRI) 7 T. The different patterns of tumor growth were
evaluated on day 16 after tumor implantation. The lesion
derived from GL261 only was large (Fig. 4a), while small
lesions derived from co-injection of GL261 with nTh17
visible on T2 and T1 with contrast medium (Fig. 4b). The
lesion derived from co-injection with gThl7 was larger
than that with nThl17 and diffused toward the midline
(Fig. 4b, d). A large lesion from co-injection with TGF-
gTh17 is shown in T1 and T2 images (Fig. 4e). Thus, MRI
suggested that nTh17 provide significant delay on tumor
engraftment and growth.

In agreement with this survival analysis showed that
mice co-injected with GL261 and nTh17 survived signifi-
cantly longer that controls (PBS, P = 0.005) or than the
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Fig. 4 Thl7 cells play a role on GL261-glioma growth. a MRI
performed 16 days after tumor implantation shows that lesion derived
from GL261 4 PBS was large. b nTh17 cells provide a significant
delay on tumor formation. T2 (b /left, 20 slices; thickness 0.8 mm, no
gap; TR: 2,658 ms/TE: 54 ms/RARE Factor 8/FOV: 2.20 x
2.20 cm?; averages 6; image matrix 256 x 256; in plane resolution
0.086 mm; acquisition time 8 min 30 s) and T1 with contrast medium
representative images show the total absence of mass lesion compared
to the other groups of co-injection (b right 18 slices; thickness
0.8 mm, no gap; TR: 435 ms/TE: 11 ms/FOV: 2.20 x 2.20 cm?;
averages 4; image matrix 256 x 256: in plane resolution 0.086 mm;
acquisition time 7 min 26 s). T2 and T1 images of gliomas from

other groups (Fig. 4f): survival rate of mice co-injected
with gThl7 was significantly lower than that of nThl7
mice (P = 0.006) and, interestingly, of control mice
(P = 0.04). TGF-gTh17 co-injection had the worst effect
in terms of survival compared to the other groups
(P < 0.02). A similar experimental scheme was used by
co-injecting Th17 sc with GL261: in Supplemental Fig. 1,
we show representative tumors for each experimental
treatment. Gliomas in mice co-injected with nTh17 cells
were significantly smaller than others.

These results demonstrate that Th17 cells may exert
inhibitory or stimulatory effects on tumor growth depend-
ing on their origin and on cytokine conditioning, a sup-
pressive effect on tumor growth was caused by nTh17 cells
and a promoting effect by gTh17 cells.
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GL261 plus gThl7 (d) showed expanded and lesions compared to
nTh17 or TGF-nTh17 (¢). Lesion from co-injection with TGF-gTh17
(e) is shown both in T1 as a homogeneous enhancing mass and in T2
images as a strong mass effect toward lateral ventricle. Images refer
to one representative animal for each group (five mice for each
group). f Kaplan—Meier analysis curves represent the survival time (in
days) of five mice for each group of co-injection. Survival rate of
mice injected with nTh17 cells was significantly higher than that of
control mice (GL261 plus PBS P = 0.005) and of mice injected with
TGF-gThl17 cells (P = 0.0067). Mice injected with TGF-gTh17 cells
survived significantly lower than controls (P = 0.02)

Co-injection of GL261 and Th17 cells modulates tumor
microenvironment

We then studied the effects of Thl7 cells on tumor
microenvironment by RT-PCR on paraffin-embedded
ic- and sc-gliomas derived from co-injection of GL261 and
Th17 cells investigating the expression of IFN-y and
TNF-¢¢ for immune activation, TGF-f and IL-10 for
immune suppression.

The relative expression of these cytokines in ic-gliomas
is shown in Fig. Sa—d. Microenvironment characterization
in sc-gliomas is reported in Supplemental Fig. 2. Opposite
patterns of cytokine expression were obtained in tumors
derived from GL261 co-injected ic with either nTh17 or
g¢Th17. In nTh17 gliomas, we found enhanced expression
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Fig. 5 Th17 cells modulate tumor microenvironment. RT-PCR
analysis of different gene expression performed on paraffin-embedded
ic-gliomas. mRNA levels in each group were normalized to the
relative quantity of b2m; relative expression of different cytokines
was evaluated versus the GL261 plus PBS. a and ¢ nTh17 tumors

of IFN-y (6.0 folds vs. TGF-gTh17 tumors; P < 0.0001)
and TNF-« (4.3 fold higher; P < 0.001) (Fig. 5a, c). On the
contrary, IL-10 and TGF-f strongly increased in gThl7.
In particular, IL-10 was 2.0 fold higher (P < 0.001)
and TGF-f 3.1 fold higher than ic nThl7 gliomas.
(P < 0.0001) (Fig. 5b, d).

IL-17 does not affect GL261 cells proliferation in vitro
and in vivo

To investigate whether IL-17 has a direct effect on GL261
proliferation, we first verified the expression of IL-17
receptor on GL261 cells by semi-quantitative PCR. We
then assessed the effects of IL-17A on tumor proliferation
of GL261 cells. Proliferation kinetics and MTT analysis
showed that IL-17 did not exert activity on GL261 cells
proliferation (Supplemental Fig. 3).

We also injected GL261 in IL-17 KO mice and immune-
competent mice (wt) and did not observe differences on
tumor formation by MRI performed 8 days after tumor
implantation (Fig. 6a). A small lesion is located in the
left hemisphere, as confirmed by histological analysis
performed on mice WT and IL-17 KO 5 days after MRI

TGF-B ic gliomas

vs GL261

Relative expression of TGF-f mRNA

TGF- TGF-
GL261  nTh17 Thi7
nth17 9 gTh17
IL-10 ic gliomas

vs GL261

O = MW R DD N0 WO

TGF-
nTh17

TGF-
gTh17

Relative expression of IL-10 mRNA O

GL261 nTh17 gTh17

show an enhanced expression in IFN-y and TNF-o compared to
GL261 and TGF-gTh17 tumors. On the contrary, TGF-f and IL-10
(b and d) are strongly increased in gThl7-treated mice (P value:
*P = 0.01; **P < 0.001; ***P < 0.0001)

(Fig. 6b upper). The proliferation index was also similar
(Ki67 positive cells 87.1 + 0.8 and 87.4 & 0.8 in wt and
IL-17 KO mice, respectively, Fig. 6b lower), as well as the
infiltration of Treg cells in wt and IL-17 KO mice (data not
shown). The MRI analysis on day 16 showed tumors of
similar size of both WT and IL-17 KO, (Fig. 6¢), and the
overall survival of the two groups of mice was also similar
(Fig. 6d).

Increase in CD4+ CD25+ Foxp3+ T cells is associated
with different Th17 cytokine profiles

To gain hints on the direct contribution of Th17 cells to
tumor development, we studied cytokine profiles investi-
gating key factors relevant to tumor microenvironment.
Naive and gl-splenocytes were stimulated in the pres-
ence of irradiated GL261 cells with or without TGF-p, and
Treg were evaluated by flow cytometry for Foxp3
expression on CD4+4 CD25+ cells; the percentage of
double-positive IL-17/IFN-y or IL-17/IL-10-producing
CD4+ T cells was determined by intracellular staining.
Splenocytes from naive and glioma-bearing mice
monitored before stimulation had a similar proportion of
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Fig. 6 IL-17 has no effect on A
the GL261-glioma formation.

a MRI 7 T images on a frontal

plane. T2 (Left) and T1 after

contrast medium (Right) images

on day 8 after GL261

implantation performed on a

wild-type (WT) and IL-17 KO

(KO) mouse show a similar

tumor engraftment. b Brain

pictures of wt and IL-17 KO

12 days after tumor

implantation (Upper) and Ki-67
staining (magnification 40x,

Lower) show a similar

proliferation ratio in wt and

IL-17 KO mice. ¢ MRI 7 T

images on a frontal plane. T2 B
(Left) and T1 after contrast

medium (Right) images 16 after wt
GL261 implantation performed
on a wild-type and IL-17 KO
mouse. d Kaplan—-Meier
analysis curves represent the
survival time (in days) of IL-17
KO compared to WT mice
injected ic with GL261 cells.
All mice died by day 29. The
median survival of IL-17 KO
was 27 days (n = 5,

mean £ SD is 26.8 + 2.2); the
median of WT mice was 26.5 . H b
(n =5, mean £ SD is Kie Ein
26.8 £ 1.7) (P = 0.9)

IL-17 KO
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IFN-y- (2.3 £ 0.6% and 1.2 4+ 0.6%, respectively) or
IL-10-producing CD4+ Th17 cells (1.9 & 0.5% and 2.4 +
0.7%, respectively).

In naive splenocytes, in the presence of 3.5 £ 0.05%
Treg, we found that nTh17 produced higher levels of IFN-y
than IL-10 (9.7 £ 0.7% vs. 2.2 £ 1.5%, respectively;
P = 0.001). TGF-p stimulation significantly increased the
Treg fraction (from 3.5 & 0.05% in n-splenocytes to
6.7 £ 0.6 in TGF-n-splenocytes%; P = 0.02) resulting in a
significant reduction in IL-17/IFN-y-producing CD4 T cells
(P = 0.009, TGF-nTh17 vs. nTh17). The Treg fraction was
significantly higher in g- than n-splenocytes (9.9 + 0.1%
vs. 3.5 £ 0.05%, respectively, P = 0.01) and gTh17 cells
produced more IL-10 than IFN-y (8.7 & 2.8% vs.
3.5 £+ 0.4%, respectively; P = 0.002). TGF-f induced a
further increase in Treg cells from 9.9 + 0.1% to
19.7 £ 0.5% (P = 0.001) (Fig. 7a). Notably, Treg pro-
moted a significant decrease in IFN-y (1.1 £0.2; P =
0.01) and increase in IL-10-producing T cells (10.2 £ 0.3;
P = 0.03).

These results indicate that the relative abundance of
Treg is associated with a Th17 polarization to either an
IFN-y or an IL-10-producing phenotype and that TGF-f
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seems particularly effective at directing the Th17 cytokine
profile.

The results show that the percentage of IL-17/IL-10
CD4+ T cells and Treg synchronically increased in
gl-splenocytes during in vitro pre-stimulation.

Reduced frequency of Treg correlates positively
with the increase in IFN-y-producing Th17 cells

To assess whether Treg drive the Th17 cytokine profile, we
depleted the Treg fraction in gl- and TGF-gl-splenocytes
by using the anti-CD25 monoclonal antibody PC61.

Treg from gl- and TGF-gl-splenocytes significantly
decreased (from 9.9 £ 0.1% to 19.7 + 0.5% without PC61
to 1.5 £ 0.2% and 1.0 & 0.9% with PC61, respectively;
P < 0.001).

The ability of gTh17 and TGF-gTh17 to produce IFN-y
increased in the presence of PC61 (from 3.5 & 0.3% to
5.8 £ 0.8%, P=0.05 and from 1.1 £0.2% to 6.1 +
0.9%, P = 0.01). Conversely, their capacity to secrete
IL-17/IL-10 decreased from 8.7 = 0.1% to 3.3 + 0.14%
(P = 0.0004) and from 11.3 £ 0.2 to 3.2 £ 0.2% (P =
0.003), respectively.
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Fig. 7 CD4+4 CD25+ Foxp3+ cells (Treg) modulate the Th17
cytokine profile. a Intracellular FACS analysis of naive and tumor
bearing CD44- lymphocytes. Treg are significantly higher in glioma-
bearing mice versus naive splenocytes (P = 0.01), and they increase
significantly in the presence of TGF-f (P = 0.001 in gl-splenocytes;
P = 0.02 in n-splenocytes). nTh17 produced higher levels of IFN-y
than IL-10 (P = 0.001) that appeared reduced by TGF-f (P = 0.01).
On the contrary, gThl7 produced more IL-10 than IFN-y
(P = 0.002). The presence of TGF-f promoted a relevant decrease
in IFN-y (P = 0.01) and a significant increase in IL-10-producing T
cells (P = 0.03). Notably, the absolute number of Th17 cells obtained
from the same number of splenocytes did not change significantly
(nTh17 8.1 x 10°; TGF-nTh17 8 x 10 gTh17 7.9 x 10°; TGF-
¢Thl7 9.2 x 10%). Data are relative of three independent experi-
ments. b Intracellular FACS analysis of tumor bearing CD4+
lymphocytes. PC61 antibody (0.5 pg/l1 x 10° cells) decreased Treg
population from gl- and TGF-gl-splenocytes (P < 0.001), increasing
IL-17/IFN-y production (gThl7 P = 0.05; TGF-gThl7 P = 0.01)
and decreasing IL-17/IL-10 secretion (gThl7 P = 0.0004; TGF-
¢Thl7, P = 0.003). Data are statistically significant when they are
compared to the same culture condition without PC61 (Fig. 7a).
No significant differences (P > 0.05) were found in the same
experiments performed with IL-6. In vitro data are represented as
mean + SD obtained combining percentage obtained from 24 to 48 h
pre-stimulation of splenocytes

Accumulating evidence indicates that TGF-f and IL-6
promote Th17 differentiation and that IL-6 down-regulates
[4, 19] Treg development. For this reason, we tried to
define the effect of IL-6 per se or in combination with
TGF-$ on Th17 differentiation and Treg modulation in
vitro. IL-6 per se contributed to a slight and not significant
decrease in Treg (from 9.9 + 0.1% to 7.5 £ 3.8 in gl- and
from 19.7 + 0.5% to 13.2 + 2.8% in TGF-gl-splenocytes)
and a trend to increased production of IFN-y Th17 cells
(from 354+04% to 55+ 18% in gl- and from

1.1 £ 0.2% to 5.4 &+ 2.9% in TGF-gl-cells) and decreased
production of IL-10 Thl7 cells (from 8.7 £ 0.1% to
6.4 £ 1.7% in gl- and from 11.3 £ 0.6% to 5.4 = 2.9% in
TGF-gl-cells (Fig. 7b).

Discussion

In this study, we showed that Th17 cells and Treg synch-
ronically increase during glioma development with a
similar distribution and that Treg are significantly more
abundant than Th17 cells. However, we failed to identify
Th17 cells co-expressing the Treg marker Foxp3 [18, 20],
in agreement with a recent work by Viaud [21]. Starting
from these observations, we hypothesized a close rela-
tionship between infiltrating Treg and Th17 cells. In order
to investigate the Th17 role in glioma microenvironment
and the potential effects of Treg on Th17 cell properties,
we generated an enriched Th17 population exploiting dif-
ferent polarizing culture conditions in vitro. Irradiated
GL261 were used as a source of multiple-specific tumor
antigens to pre-stimulate splenocytes; these antigens were
indeed essential to educate naive splenocytes and to prime
memory T cells in glioma-bearing splenocytes. We initially
compared the effects of splenocyte stimulation using
TGF-f compared to IL-6 plus TGF-f on Th17 and Treg
cell differentiation. We found that TGF-f and IL-6 did not
change the percentage of CD4+ IL-17+ (data not shown),
but induced an increase in IFN-y production and a decrease
in IL-10 secretion compared to TGF-f stimulation. The
Treg percentage evaluated as CD4+ CD25+ Foxp3+
decreased slightly compared to the percentage mediated by
TGF-f only.

It is known that TGF-f plus IL-6 stimulates Th17 dif-
ferentiation, whereas TGF-f only promotes Treg differen-
tiation. However, TGF-f has been proposed as a link
between Th17 and Treg cells in mouse autoimmune
diseases where Treg-derived TGF-f supports Th17 cell
differentiation [22, 23]. High levels of TGF-f also seem
involved in the development of Treg [7, 24]. In addition, it
was reported that TGF-f plus IL-6 strongly stimulates
IL-17+4 CD8+ cells [25] and it is also known that IL-6 may
suppress Treg [19].

In murine gliomas, we have recently characterized the
presence of infiltrating Treg [26] and their correlation with
the amount of TGF-f, a cytokine abundant in glioma and
responsible for immune suppressive microenvironment
(Supplemental Fig. 4a—d). Our in vitro conditions using
TGF-f stimulation have been necessary to verify an
important and previously unappreciated effect of Treg on
Th17 cells, resulting in their polarization toward high
IFN-y or IL-10-producing cells. Emerging data indicate
that Th17 cells might be converted into Th1/Th17 cells
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characterized by the co-expression of cytokines IFN-y and
IL-17 and the transcription factors T-bet and RORyt [27].
In this regard, our results show that ex vivo but not in vitro
nTh17 cells express T-bet, while TGF-nTh17 cells show
decreased T-bet expression in agreement with the obser-
vation that TGF-f blocks T-bet induction and IFN-y
expression [28] (Supplemental Fig. 4e—f). In vivo Thl7
cells could undergo an evolution in their ability to secrete
cytokines; in addition their antitumor or tumor-promoting
effect might not be mutually exclusive, but dependent on
timing and tumor microenvironment. These conditions are
supported by opposite results obtained using intracranial
co-injection of GL261 and nTh17 or gTh17 cells. nTh17
cells produce higher quantities of IFN-y than the other
fractions inducing antitumor effect in early stages of
glioma; on the contrary, gTh17 cells might be generated at
later stages under the effect of immunosuppressive
microenvironment and the interaction with Treg.

The other key issue that our experiments have addressed
is represented by the controversial role of IL-17 in tumors.
In particular, IL-17 can have a pro-tumorigenic activity in
immune-deficient mice [29, 30] or an antitumorigenic
activity in immune-competent mice [31]. Recently, oppo-
site results were obtained from two groups on the same
experimental tumor, MC38 [32, 33]. When we injected
GL261 in IL-17 KO or wild-type mice, we did not find
differences in tumor initiation and growth, suggesting that
IL-17 per se has no significant effect on tumor progression.

It has been reported that, in experimental murine tumors,
peripheral Treg can be converted into Th17 under the
influence of inflammation [23, 34, 35]. In addition, IL-17
has been shown to exert pro-inflammatory effects on
astrocytes and microglial cells into the CNS through direct
interaction with their constitutively expressed IL-17
receptor (IL-17R). Above all that, the response of glial cells
to IL-17 depends on the interaction between IL-17 and other
cytokine signaling systems. Only one report showed that
few established glioma cell lines express IL-17R and that
IL-17 can stimulate the secretion of IL-6 and IL-18 [36].
GL261 cells express IL-17R, but exogenous IL-17 does not
provide a direct effect on GL261-cell proliferation, sup-
porting the idea that Th17 cells may contrast or favor tumor
development depending on the immunological context, as
demonstrated by the presence of IFN-y or IL-10.

The tumor inhibitory activity of Th17 cells depends on
the production of IFN-y that in this setting seems to
function as an anti-proliferative factor rather than as an
immune stimulatory factor. We previously suggested that
high concentrations of IFN-y are able to reduce GL261
proliferation [26], and now, we found that the simultaneous
injection of GL261 with IFN-y-producing Th17 cells could
favor such anti-proliferative effect. Interestingly, Muranski
et al. [17] reported that the therapeutic effect of Th17 cells
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on a murine model of melanoma critically depends on
IFN-y production and that IL-17 depletion has a little
influence on this effect. Th17 cells also seem to indirectly
mediate an antitumor activity, by promoting the recruitment
of other effector cells [37, 38] or by eliciting pro-inflam-
matory conditions that can promote CD8+ effector cells
[16]. On the contrary, Th17 might favor tumor development
by inhibiting CD8+ cell infiltration and enhancing mye-
loid-derived suppressor cells at tumor site [39].

In summary, Thl7-mediated effects in vivo might
depend on the accumulation of Treg during glioma devel-
opment. The ability of these cells to secrete IFN-y as
previously demonstrated [40] might result in a change of
plasticity or in the ability to secrete IL-10 or IFN-y, due to
the presence of Treg. These results should be considered
for further evaluations of the Th17 cell involvement in
human antitumor activity.

A question that remains open is whether tumor-infil-
trating Th17 cells are recruited from the periphery or
induced in tumor microenvironment. Many factors released
by tumor cells, such as TGF-f, IL-6, PGE2 and TNF-o,
play a role in the induction of Th17 differentiation [41].
Moreover, recent observations showed that dendritic cells,
derived from monocytes and migrating across the blood—
brain barrier, secrete 1L-12, TGF- and IL-6, thus pro-
moting the proliferation and expansion of IL-17-secreting
Th17 CD4+ T lymphocytes [42].

Th17 cell regulation could provide useful insights in
immunotherapy protocols. For example, in prostate cancer,
a higher frequency of Th17 cells before immunotherapy is
correlated with a shorter time to metastatic progression
[43]. In gliomas, the role of Th17 cells could vary during
tumor development: IFN-y-producing Th17 cells could be
inversely related to Treg and thus considered as predictors
of stronger antitumor reactivity.
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