www.oncotarget.com Oncotarget, 2018, Vol. 9, (No. 27), pp: 19065-19078

i Research Paper
Correlation between lower balance of Th2 helper T-cells and

expression of PD-L1/PD-1 axis genes enables prognostic
prediction in patients with glioblastoma

Yasuo Takashima®, Atsushi Kawaguchi?>, Tomohiko Kanayama', Azusa Hayano!

and Ryuya Yamanaka®

1Laboratory of Molecular Target Therapy for Cancer, Graduate School of Medical Science, Kyoto Prefectural University of
Medicine, Kyoto 602-8566, Japan

2Center for Comprehensive Community Medicine, Faculty of Medicine, Saga University, Saga 849-8501, Japan

Correspondence to: Ryuya Yamanaka, email: ryaman@koto.kpu-m.ac.jp

Keywords: glioblastoma; prognosis; helper T-cells; PD-L1; PD-1

Received: September 27, 2017 Accepted: March 06, 2018 Published: April 10, 2018

Copyright: Takashima et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License

3.0 (CC BY 3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and

source are credited.

ABSTRACT

Common cancer treatments include radiation therapy, chemotherapy including
molecular targeted drugs and anticancer drugs, and surgical treatment. Recent
studies have focused on investigating the mechanisms by which immune cells attack
cancer cells and produce immune tolerance-suppressing cytokines, as well as on their
potential application in cancer immunotherapy. We conducted expression profiling of
CD274 (PD-L1), GATAS3, IFNG, IL12R, IL12RB2, IL4, PDCD1 (PD-1), PDCD1LG2 (PD-
L2), and TBX21 (T-bet) using data of 158 glioblastoma multiforme (GBM) patients
with clinical information available at The Cancer Genome Atlas. Principal component
analysis of the expression profiling data was used to derive an equation for evaluating
the status of Thl and Th2 cells. GBM specimens were divided based on the median
of the Th scores. The results revealed that Thi"e"Th2w and Th1°“Th2'" statuses
indicated better prognosis than Th149"Th2"ish and were evaluated based on the
downregulation of PD-L1, PD-L2, and PD-1. Furthermore, Th2'°v divided based on the
threshold, as well as CD274'" and PDCD1'%, were associated with good prognosis.
In the Th2'v subgroup, 14 genes were identified as potential prognostic markers. Of
these, SLC11A1'v, TNFRSF1B'"%, and LTBR"" also indicated good prognosis. These
results suggest that low Th2 balance and low activity of the PD-L1/PD-1 axis predict
good prognosis in GBM. The set of genes identified in the present study could reliably
predict survival in GBM patients and serve as useful molecular markers. Furthermore,
this set of genes could prove to be novel targets for cancer immunotherapy.

INTRODUCTION grade IV, fast-growing type of malignant glioma. It is the
most common brain tumor affecting adults, with a median

Gliomas are the most common type of primary survival period of only 9—15 months [4, 5]. Therefore,
central nervous system (CNS) tumors and represent GBM is considered the most malignant and aggressive
40% of brain tumors [1]. The World Health Organization form of primary brain tumor. GBM has an overall 5-year
(WHO) has classified gliomas into grades I-IV by the survival rate of only 9.8% even after treatment via
order of increasing malignancy and decreasing overall surgery, radiotherapy, or chemotherapy [4, 6]. Thus, early
survival (OS) [2,3]. Glioblastoma multiforme (GBM) is a diagnosis and treatment of GBM is critical for predicting
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an accurate prognosis. In other words, more effective
therapeutic strategies, a more detailed understanding of
the biological mechanisms underlying GBM, and the
identification of novel molecular targets are required for
improved diagnosis and therapies for GBM.

Recent studies have targeted CNS tumors for
cancer immunotherapy, and this approach has yielded
progress in neurobiology, oncology, and immunology in
malignant gliomas [7]. Cancer immunotherapy targets
immune checkpoint molecules located on the surface
of antigen-presenting cells (APCs), glioma cells, and
helper T-cells. For example, researchers have developed
monoclonal antibody therapies that target programmed
cell death protein-1 (PD-1), cytotoxic T lymphocyte-
associated antigen-4 (CTLA-4), and indoleamine
2,3-dioxygenase (IDO) as reliable checkpoint molecules
for cancer immunotherapy [8]. PD-1 signaling occurs
during the effector phase of the immune response within
tumor microenvironments. The inhibitory PD-1 receptor,
which is expressed on the surface of T-cells, interacts with
PD-1 ligands, including PD-L1 and PD-L2, which are
expressed on the surfaces of tumor cells. In the context
of tumor major histocompatibility complex (MHC) class
I antigen presentation, ligand interactions with PD-1 are
known to inhibit T-cell tumor lytic capacity and induce
T-cell anergy [9]. CTLA 4 is a highly potent inhibitory
T-cell receptor; it preferentially binds to B7-1 (cluster of
differentiation (CD)80) and B7-2 (CD86) receptors on the
surface of APCs. In turn, this prevents binding to the T-cell
receptor, which triggers the production of interleukin-6
(IL-6), and prevents the binding of APCs to the CD28
co-stimulatory receptor on the surface of T-cells [10,11].
Such ligand-receptor interactions lead to decreased
activation and proliferation of T-cells, which prevents
MHC class | antigen presentation [12]. In addition,
IDO-expressing cells, including dendritic cells and
macrophages, have been demonstrated to regulate T-cell
metabolism and response by catalyzing the oxidative
catabolism of tryptophan in kynurenine (KYN) signaling
[8], aryl hydrocarbon receptor (AhR), general control
nonderepressible 2 (GCN2) as a Ser/Thr protein kinase,
and mammalian target of rapamycin (mTOR) signaling
[13].

A recent study performed expression profiling and
clinical characterization of the PD-L1 gene using 301
microarray data from the Chinese Glioma Genome Atlas
(CGGA) and RNA-Seq data from 675 samples of grade
II-1V gliomas, including primary and secondary tumors,
from The Cancer Genome Atlas (TCGA) [14]. However,
it is difficult to estimate the prognoses of glioma patients
in mixed stages, including grades II-1V and primary and
secondary gliomas. This requires not only PD-L1 profiling
but also additional analyses, such as the evaluation of
Th1-Th2 balance. Naive T-cells differentiate into Th1 and
Th2 cells [15,16]. Th1 cells, which are activated by I1L-2/
IL-12, protect against bacteria and protozoa by producing

interferon (IFN) y. Macrophages, IFN-y CD4" T-cells,
CDS8" T-cells, and IgG B-cells are the primary effectors of
Th1 immunity. Thl cells are identified based on TBX21
(T-bet) and STAT4 expression [15, 16]. On the other
hand, Th2 cells, which are activated by IL-4, function by
eliminating extracellular parasites and producing effector
cytokines, including 1L-4, IL-5, IL-9, IL-10, and IL-13.
The effector cells of Th2 immunity mainly comprise mast
cells, IL-4/IL-5 CD4" T-cells, and B-cells. The key Th2
transcription factors include GATA3 and STAT6 [17].
Therefore, it is important to investigate T-cell status
using appropriate gene expression profiling techniques in
malignant gliomas.

In this study, we performed the gene expression
profiling of CD274 (PD-L1), GATA3, IFNG, ILI12R,
IL12RB2, IL4, PDCD1 (PD-1), PDCDILG2 (PD-L2),
and TBX21 (T-bet) using 158 primary GBM samples
from the TCGA data set, followed by principal component
analysis (PCA) to obtain Thl and Th2 scores. GBM
specimens were grouped based on the calculated Th1 and
Th2 scores, and patient prognosis was estimated based
on the expression levels of the PD-L1/PD-1 axis genes.
Furthermore, we evaluated the utility of the obtained
signature genes as prognostic markers in GBM to identify
patient subgroups with good prognosis and identified
novel candidate prognostic markers in GBM. The genes
identified in the present study may serve as novel targets
for cancer immunotherapy.

RESULTS

Patient characteristics

The present study recruited 158 non-treated
primary GBM patients (WHO grade IV) whose data
were deposited in the “Glioblastoma Multiforme (TCGA,
Provisional)” data set between 2008 and 2012 (Table 1,
Supplementary Figure 1A). The median age of the patients
was 60 years (range, 21-89 years). A total of 102 patients
were male (64.5%), and 56 patients were female (35.4%).
Of these, the median of the preoperative Karnofsky
performance status (KPS) of 119 patients was 80 (range,
40-100), while the median of the KPS of 89 patients was
at least 70 (89/119, 74.7%). The median survival time was
11.83 months (range, 0.16-88.07), and the overall survival
status was “deceased” in 106 (67.0%) and “living” in 52
patients (32.9%) at the time of data deposition. Patients
were monitored for tumor recurrence during the initial
and maintenance therapies by using magnetic resonance
imaging (MRI) or computed tomography (CT). Recurrent
tumors were found in 13 patients. The validation data set,
which consisted of 413 primary GBM patients whose data
were deposited in the “Merged Cohort of LGG and GBM
(TCGA, Cell 2016)” data set (Table 1, Supplementary
Figure 1B), was used to confirm the results derived from
the 158 patients in the GBM training data set. Multivariate
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Table 1: Patient characteristics of glioblastoma multiformes

Training data set (V= 158)

Validation data set (V= 413)

Characteristics Multivariate analysis for OS Multivariate analysis for OS
N (%) Median (Min—-Max) N (%) Median (Min—Max)
HR (95% CI) P-value HR (95% CI) P-value
Age 158 (100) Age: 60 (21-89) 413 (100)
Age<50 33(20.8) OS days: 360 (13-1642) 1 107 (25.9)  OS days: 585 (45-2997) 1
Age>50 125 (79.1) OS days: 270 (5-1458) 1.73 (1.12-2.76) 0.0121° 306 (74.0)  OS days: 292.5 (3-3825)  2.29 (1.77-2.99) <0.0001"
Gender 158 (100) 413 (100) Age: 58 (10-88)
Female 56 (35.4) OS days: 273.5 (6-1458) 1 170 (41.0)  OS days: 288 (3—-3825) 1
Male 102 (64.5) OS days: 314.5 (5-1642) 1.03 (0.73-1.54) 0.7699 243 (58.9)  OS days: 363 (3-3474) 1.20 (0.96-1.50) 0.1095
Gender and age
Female 56 (100) Age: 62 (21-85) Female 170 (100) Age: 57 (10-84)
Age <62 26 (46.4) OS days: 356 (13-1458) 1 Age<57  83(48.8) OS days:417 (3-3825) 1
Age> 62 30(53.5) OS days: 143.5 (6-1448) 1.83 (0.83-4.17) 0.1366 Age>57  87(51.1) OS days:240 (3-3615) 1.85 (1.3-2.64) 0.0006
Male 102 (100) Age: 60 (30-89) Male 243 (100) Age: 58 (14-88)
Age <60 49 (48.0) OS days: 316 (5-1642) 1 Age<58 113 (46.7)  OS days:471 (6-2715) 1
Age > 60 53(51.9) OS days: 298 (21-1228) 1.05 (0.63-1.74) 0.8578 Age>58 130(53.2)  OS days:274.5 (3-3474) 1.94 (1.44-2.61) <0.0001"
X)‘l‘]ﬂ;‘i‘;‘; U8t 155 (100) O days: 285.5 (5-1642) 413(100)  OS days: 339 (3-3825)
Deceased 106 (67.0) OS days: 331 (5-1458) 1 329(79.6)  OS days: 372 (3-3825) 1
Living 52(32.9) OS days: 269 (13-1642) 0.47 (0.28-0.76) 0.0014 84(20.3) OS days: 243 (3-2778) ?164]‘:7 ( —0.03) <0.0001"
KPS 119 (100) KPS: 80 (40-100) 307 (100) KPS: 80 (20-100)
KPS <70 30(25.2) OS days: 192 (26-1448) 1 70 (22.8) OS days: 207 (6-1791) 1
KPS >70 89 (74.7) OS days: 331 (13-1458) 0.93 (0.53-1.70) 0.7984 237(77.1)  OS days: 432 (3-3825) 0.45 (0.33-0.62) <0.0001"

Note: OS; overall survival, HR; hazard ratio, KPS; Karnofsky performance status. Asterisks (°); statistically significant.

analyses for OS according to age, gender, gender and age,
vital status (at last follow-up), and KPS were performed
in each data set (Table 1). Of these, the hazard ratio (HR)
for age >50 was higher than that for age <50 (HR = 1.73,
95% confidence interval (CI) 2.23-2.76, and "P = 0.0121
in the training data set; HR = 2.29, 95% CI 1.77-2.99,
and "P < 0.0001 in the validation data set), and the HR for
the “living” status was lower than that for the “deceased”
status (HR = 0.47, 95%CI 0.28-0.76, and *P = 0.0014 in
the training data set; HR =7.64 x 107", 95%CI —0.03, and
*P < 0.0001 in the validation data set). The other results
of multivariate analyses for OS were not consistent with
each other because of the small number of samples and
the biases.

Identification of Th1 and Th2 scores associated
with PD-L1/PD-1 activity

Expression data were obtained from 158 primary
GBM patients from TCGA, which were derived post-
RNA-Seq performed on the tissues obtained by tumor
resections and biopsies. However, the tissues from which
the samples were derived, e.g. from a central or peripheral

tumor or from a hypoxic or normoxic region, are unknown.
Nine genes involved in Thl and Th2 cell functions and/
or cancer immunotherapy were selected as predictors
(Table 2 and Supplementary Figure 2). The scatter plot in
Supplementary Figure 3A shows the associations between
the estimated ensemble mortalities and expression levels
of four selected genes (IL12RB1, IL12RB2, IFNG, and
TBX21) for Thl cells and two selected genes (IL4 and
GATA3) for Th2 cells (Supplementary Figure 3B). The
calculated Pearson’s correlation coefficients (7?) were not
statistically significant (P > 0.05, log-rank test). Thus, the
expression levels of these genes were independent and
were thus used as a valid input for the calculation of Th1
and Th2 scores to estimate prognosis in GBM.

Study individuals were divided into high and low
subgroups based on the median expression levels for
IL12RB1, IL12RB2, IFNG, TBX21, IL4, and GATA3.
The correlations between the expression of each gene
and patient survival were not statistically significant
(P> 0.05, log-rank test), except for GATA3 ("P = 0.0324)
(Supplementary Figure 4). The Thl and Th2 scores
calculated as a combination of the expression values of
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Table 2: Gene set for Th1/2 differentiation and immune checkpoint

Statistics for expression (FPKM)

0,
Symbol RefSeq Description Median Average Min  Max . /ZS: for
B7-H, B7H1, PD-L1, PDCDILI,
CD274 NM_014143 CD274 molecule PDCDILGI, PDLI 28.34 49.31 0 541.56 38.06-60.56
GATA3 NM_ 002051  GATA binding protein 3 HDR, HDRS 8.33 23.84 0 446.81 15.63-32.03
IFNG NM_000619 Interferon gamma 0.00 1.83 0 181.95 -0.444.11

IL12RBI NM_005535 subunit beta 1

Interleukin 12 receptor

IL12RB2 NM_008354 subunit beta 2

1L4 NM_000589 Interleukin 4

PDCD1 NM_005018  Programmed cell death 1

PDCDILG2  NM. 025239 Programmed cell death 1

TBX21 NM_013351 T-box 21

Interleukin 12 receptor CD212, IL-12R-BETA1, IL12RB,

BCGF-1, BCGF1, BSF-1, BSF1,

CD279, PD-1, PD1, SLEB2,
hPD-1, hPD-1, hSLE1

B7DC, Btde, CD273, PD-L2,
ligand 2 PDCDI1L2, PDL2, bA574F11.2

T-PET, T-bet, TBET, TBLYM 5.34 9.30 0 77.87

40.26 51.81 0 220.73 45.77-57.84

IL-12RB2, IL-12R-Beta-2 4.03 6.88 0 96.68 5.12-8.64

0.00 0.30 0 4.35 0.19-0.40

8.09 10.99 0 10.5.536  9.08-12.89

117.01 144.48 0 818.65  124.66-164.30

7.43-11.17

Note: FPKM, fragments per kilobase of exon per million mapped sequence reads.

these genes were used in estimating the prognosis of
GBM. PCA was performed to compute the Thl and Th2
scores as a linear combination of the four and two genes,
respectively, based on the following formulas:

Thl score =0.7671 x TBX21 + 0.506 x ILI2RB1 +
0.2899 x IFNG + 0.2673 x IL12RB2,

Th2 score = 1.0 x GATA3 + 0.0057 x IL4.

The Thl and Th2 scores were derived from the
expression values of the target genes (Supplementary
Figures 1A and 2; derived from “Glioblastoma Multiforme
(TCGA, Provisional)” data set) and were calculated using
the above formula. The scatter plot shows the relationship
between the Thl and Th2 scores and expression values
of the three genes (CD274 (PD-L1), PDCDILG2 (PD-
L2), and PDCDI1 (PD-1)) that were considered as cancer
immunotherapy genes involved in the PD-L1/PD-1 axis
(Figure 1). All calculated r* values were statistically
significant to a certain degree ("P < 0.05, log-rank test)
for Th1-PDCD1 (* = 0.649), CD274-PDCDI1LG2 (r* =
0.617), Th2-PDCD1 (+* = 0.313), PDCD1-PDCD1LG2
(#”=0.303), Th2-CD274 (+* = 0.290), Th1-PDCD1LG2 7*
=(0.242), Th2-PDCDI1LG2 (* = 0.214), and Th1-Th2 (7*
=0.202), except for Th1-CD274 and CD274-PDCD1 (7*
=0.0964 and r* = 0.112, respectively; P > 0.05) (Figure
1A). Summarizing the above results, the Thl score was
strongly and weakly correlated with the expression of
PD-1 and PD-L2, respectively, but not with PD-L1 (Figure
1B). On the other hand, the Th2 score was moderately,
weakly, and strongly correlated with PD-L1, PD-L2, and
PD-1, respectively (Figure 1B). In addition, the PD-L1/
PD-1 axis genes were strongly correlated with each other,
whereas the Th1 and Th2 scores were weakly correlated
(Figure 1B), suggesting that the Thl and Th2 scores in
GBM are correlated with the expression of genes in the
PD-L1/PD-1 axis in a complex manner. Interestingly, a

correlation between Th1 score and PD-L1 expression was
not observed, implying that the difference between Thl
and Th2 scores is related to the PD-L1/PD-1 axis activity.

Th1 and Th2 scores predicted the most
significant survival curves in GBM

The median OS of all 158 GBM patients was 285.5
days (range, 5-1642), and results of Kaplan-Meier analysis
returned a median survival time of 678 days (Figure 2A).
GBM patients were divided into two subgroups based
on the median Thl and Th2 scores, and Kaplan-Meier
analysis was performed. The Th2™" group, but not the
Thi™" group, showed better prognoses than the Th2Mi
group ("P = 0.032, log-rank test) (Figure 2B, left and right
panels). Furthermore, we performed Kaplan-Meier and
statistical analysis for each of the four combinations of
the Th1 and Th2 subgroups (Th1Hie"Th2Hieh ThHienTh2tow,
Thi1t*Th2Hie"  and Th1*¥Th2*¥) (Figure 2C and
2D). Results showed that the Th1*“Th2"" subgroup
had the most significant good prognosis (Figure 2C),
especially compared with the ThlfehTh2Hih gubgroup
(HR = 0.59, 95%CI 0.35-0.99, "P = 0.0492) (Figure
2D). Compared with healthy brain specimens, the GBM
specimens showed lower Thl scores (Figure 2E, left
panel). By contrast, the Th2 scores in the GBM specimens
were higher than those in the healthy brain specimens
(Figure 2E, right panel), indicating that a lower Th2
score is associated with good prognosis. Additionally,
expression levels of CD274 (PD-L1), PDCD1LG2 (PD-
L2), and PDCDI1 (PD-1) were also significantly more
downregulated in the Th2™" subgroups, including the
Th1HieTh2tv and Th1"*Th2%™" subgroups, than in the
Th1fie" subgroups. Notably, expression levels of the
abovementioned genes were the lowest in the Th1-"Th2tv
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subgroup (P < 0.05, chi-square test; Figure 2F,
left, center, and right panels). However, dividing the
CD274%, PDCD1LG2™", and PDCD1™¥ subgroups based
on the median expression levels did not effectively divide
the survival curves (P > 0.05, log-rank test; Figure 2G, left,
center, and right panels). The Th2 score and expression
levels of the PD-L1/PD-1 axis genes were then combined
and again analyzed via Kaplan-Meier analysis (Figure 2H).
The Th2™" subgroup showed downregulated expression of
CD274 (PD-L1), PDCDILG2 (PD-L2), and PDCDI (PD-
1), which reliably divided the Kaplan-Meier curves and
showed the best prognosis among all subgroups (Figure 2H,
left, center, and right panels). These results suggested that a
lower Th2 score and lower activity of the PD-L1/PD-1 axis
could serve as good prognostic markers for GBM.

Low Th2 score and low PD-L1/PD-1 activity
predicted good GBM prognosis

Thl and Th2 scores and expression levels of CD274
(PD-L1), PDCD1LG2 (PD-L2), and PDCD1 (PD-1) were
assessed for prediction of GBM prognosis. The Thl and
Th2 subgroups were divided based on thresholds of 6.018
and 3.20, respectively (Figure 3A). The Th2"™ subgroup
predicted good prognosis based on Kaplan-Meier analysis
("P = 0.03167, log-rank test; Figure 3A, right panel),
whereas the result for the Th1™¥ subgroup was not
significant (P = 0.3237, log-rank test; Figure 3A, left
panel). Similarly, GBM patients were divided according to
the FPKM values of CD274 (4.685), PDCD1LG2 (6.632),
and PDCD1 (3.401) (Figure 3B). CD274%" and PDCD1""
subgroups were associated with good prognosis (*P =
0.03501 and "P = 0.04358, respectively, Wilcoxon test;
Figure 3B, left and right panels), whereas the result for
PDCDI1LG2"" was not significant (P = 0.3479, Wilcoxon
test; Figure 3B, center panel). Furthermore, the Th2™
subgroup, which showed downregulation of CD274 (PD-
L1), PDCDILG2 (PD-L2), and PDCDI1 (PD-1), was
associated with the best prognosis among all subgroups
(Figure 3C, left, center, and right panels). Statistical
analyses showed that the hazard ratios of Th2"CD274M",
Th2*"PDCDI1LG2%Y, and Th2**PDCD1"" tended to be
lower than those of the other subgroups, with statistical
significance (HR < 0.57, "P < 0.0290) in each analysis
(Figure 3D). This tendency was also confirmed in the
413 patients of the GBM validation data set (Table
1, Figure 3E, and Supplementary Figure 1B; derived
from the “Merged Cohort of LGG and GBM (TCGA,
Cell 2016)” data set). However, in each analysis in the
validation data set, the difference between the training and
validation data sets and the bias in data slightly modified
the statistical significance of the Th2™¥ subgroups with
lower expression of PD-L1/PD-1 axis genes compared
with the other subgroups (HR < 0.63, P < 0.0456; Figure
3F). Nevertheless, it was confirmed that the Th2tv
subgroup with lower expression of PD-L1, PD-L2, and

PD-1 was associated with the best prognosis among all the
subgroups in the two independent GBM data sets. On the
other hand, Th1 scores based on PD-L1, PD-L2, and PD-1
expression did not effectively divide the survival curves
in GBM (Supplementary Figure 5). These results suggest
that the Th2 score and expression levels of CD274 (PD-
L1) and PDCD1 (PD-1) are reliable estimators of GBM
prognosis.

Candidate pathways associated with patient
survival in the PD-L1/PD-1 axis based on Th2
balance

We next aimed to identify additional candidate
biomarkers to achieve a more accurate estimation of
prognosis in GBM patients. We repeated the analysis
using RNA-Seq data deposited in TCGA. We extracted
gene expression data of 158 GBM patients, identified 377
immune-related genes, and identified the differentially
expressed genes. The analysis returned 165 differentially
expressed genes after comparing gene expressions in the
Th2%¥ subgroup with those in the Th2High subgroup (98
genes), CD274%° subgroup with those in the CD274Hit
subgroup (65 genes), and PDCD1"" subgroup with
those in the PDCD1Hiet subgroup (90 genes); the genes
are presented in a Venn diagram (Figure 4A). Of these,
14 genes were classified into the Th2'v, CD274%v, and
PDCD1%" subgroups. Interestingly, all the 14 genes were
downregulated in the Th2'~, CD274%", and PDCD1%v
subgroups compared with those in the corresponding high
subgroups (Figure 4A and 4B). Immune-related functions
of the 14 genes included Th1 and Th2 responses (3 genes),
nuclear factor-kappa B (NF-«kB) signaling pathway (6
genes) and their corresponding targets (4 genes), and
IL-6/signal transduction and activator of transcription 3
(STAT3) signaling pathway (1 gene), providing strong
evidence that NF-kB signaling-related genes (Figure 4C).
Furthermore, Kaplan-Meier analysis was used to divide the
data into solute carrier family 11 member 1 (SLC11A1)"v
(HR = 0.43, "P = 0.0201, log-rank test), tumor necrosis
factor receptor superfamily member 1B (TNFRSF1B)"
(HR = 0.47, *P = 0.0358), and lymphotoxin beta receptor
(LTBR)** (HR = 0.39, "P = 0.0109) subgroups based on
the median expression levels. These were found to predict
good prognosis compared to each corresponding high
subgroup (Figure 4D and Supplementary Figure 7). Thus,
future studies should investigate the correlations among
Th2 scores, the PD-L1/PD-1 axis, and the expression
profiles based on the 14 candidate genes, especially
SLC11A1, TNFRSF1B, and LTBR, as well as how these
parameters can be used to effectively predict prognoses of
GBM patients.

In addition, we also examined the changes in
expression of 18 genes related to tumor-infiltrating
macrophages (CD163, ITGAM, MRCI1, and NCAM1),
myeloid cells (ARG1, CCL2, CCR2, CD68, CSFIR,
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Figure 2: Low balance of Th2 score with lower expression of PD-L1/PD-1 axis genes estimates a good prognosis of
158 GBM patients in the training data set. (A) Kaplan-Meier survival analysis of 158 GBM patients. (B—C) Kaplan-Meier survival
analysis of GBM patients with Th1 score (left in B) and Th2 score (right in B), and Th1/Th2 score (C). The 158 GBM patients were divided
by median of each score. (D) Statistics of overall survival of the Th1"*Th2%¥ subgroup, compared with the other subgroups, shown in (C).
HR: hazard ratio, 95% confidence interval (CI): lower-upper, log-rank test: P-value. Asterisks (*) indicates statistically significance. (E)
Comparison of Thl (left) and Th2 (right) scores in normal brain and GBM. (F) Differential expression of PD-L1 (left), PD-L2 (center),
and PD-1 (right) in groups divided by median of Th1 and Th2 scores. (G) Kaplan-Meier survival analysis of GBM patients with expression
of PD-L1 (left), PD-L2 (center), and PD-1 (right). The 158 GBM patients were divided by median of each expression. (H) Kaplan-Meier
survival analysis of Th2"* GBM patients with expression of PD-L1 (left), PD-L2 (center), and PD-1 (right). The 158 GBM patients
were divided into four groups by each value of Th2 score and gene expression. HR indicates hazard ratio. "P < 0.05 with log-rank test is
statistically significant. OS, overall survival time (days).
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Figure 3: Assessment for prognostic markers in Th2'* GBM patients with lower expression of PD-L1/PD-1 axis
genes. (A) Kaplan-Meier survival analysis of 158 GBM patients in the training data set with Th1 score (left) and Th2 score (right). The 158
GBM patients were divided by threshold. (B) Kaplan-Meier survival analysis of 158 GBM patients in the training data set with expression
of PD-L1 (left), PD-L2 (center), and PD-1 (right). The 158 GBM patients were divided by threshold. (C—F) Kaplan-Meier survival analysis
of Th2¥ GBM patients with expression of PD-L1 (left), PD-L2 (center), and PD-1 (right) in the 158 GBM training data set and the 413
GBM validation data set. The 158 GBM training data set (C) and the 413 GBM validation data set (E) were divided into four groups by
each threshold of Th2 score and gene expression as follows: Th1 score = 6.018, Th2 score = 3.20, CD274/PD-L1 =4.685, PDCD1LG2/PD-
L2=6.632,and PDCD1/PD-1=3.401. "P <0.05 with log-rank test is statistically significant. OS, overall survival time (days). Statistics of
results of overall survival for Th2/PD-L1 axis genes with thresholds in the 158 GBM training data set (D) and the 413 GBM validation data
set (F). HR: hazard ratio, 95% confidence interval (CI): lower-upper, log-rank test: P-value. Asterisks (") indicates statistically significance.

www.oncotarget.com 19072 Oncotarget



CXCL8, CXCR2, and IDOV1), and natural killer (NK) cells
(FCGR3A, FCGR3B, KLRA1P, KLRCI1, KLRDI, and
NCR1) in subgroups divided by the Thl score, the Th2
score, and a combination of the two, compared with the
median expression of each gene (Supplementary Figure
6A). The expressions indicated changes of only 0.87-fold
to 1.30-fold and were not significant (P > 0.05, one-way
ANOVA; Supplementary Figure 6B), suggesting that the
tumor environments, including macrophages, myeloid

cells, and NK cells, might have very little effect on the
experiments.

On the other hand, all 98 differentially expressed
genes in the Th2" subgroup showed the same magnitudes
of downregulation as those in the Th2"ie" subgroup, but
not in both the CD274*" and PDCD1%" subgroups, when
compared to their corresponding high subgroups (Figure
5A), suggesting that the Th2 score is prior to CD274 and
PDCD1 expression for prognostic prediction in GBM. Gene
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Figure 4: Decrease of signature genes for helper T-cell response and predominant inflammation signaling in Th2"/
PD-L1*"/PD-1"" estimates a good prognosis in patients with GBM. (A) Differential expression of immune-related genes
estimates a good prognosis in patients with GBM. 377 immune-related genes were tested by #test ("P < 0.05) and F-test ("P < 0.05),
and 165 differential expression genes were identified, those expression were classified within Th2'", PD-L1%*, and PD-1%" subgroups,
compared with each High subgroup, respectively. Numbers in parentheses and Venn diagram are the gene numbers in the set and subset,
respectively. (B) Differential expression of 14 genes in the Th2""/PD-L1**/PD-1%" subgroup. Fold differences of the gene expression in
Low subgroups, compared with High subgroups, respectively, are shown in graph. (C) Characterization of 14 signature genes in Th2%"/
PD-L1"*/PD-1%v. (D) Kaplan—-Meier analysis for correlation between patient survivals and expression of SLCI11A1 (left), TNFRSF1B
(center), and LTBR (right). The 158 GBM samples were divided by median of each expression. HR indicates hazard ratio. *P < 0.05 with
log-rank test is significant. OS, overall survival time (days).
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ontology (GO) analysis and functional annotation assigned
98 genes into GO terms, including immune response, cell
differentiation, cellular developmental process, apoptosis,
and cell death (P < 3.68 x 10?7; Figure 5B). For the
disease category, the differentially expressed genes were
classified under the terms arthritis, asthma, atherosclerosis,
bronchiolitis, chorioamnionitis, multiple myeloma, multiple
sclerosis, systemic lupus erythematosus, and type 2 diabetes
(P <9.77 x 107"7; Figure 5C). These results suggest that,
in addition to immune responses, the 14 differentially
expressed genes detected in Th2*¥ GBM specimens were
also involved in cell death and apoptosis, cancers, immune
diseases, and infections. Thus, the suppression of NF-
kB signaling, which is associated with complex diseases,
can improve prognoses of GBM patients. A combined
evaluation incorporating the Th1 and Th2 scores, expression
levels of genes involved in the PD-L1/PD-1 axis, and the 14
novel candidate genes involved in Thl and Th2 responses,
NF-«B signaling, and IL6/STAT3 signaling could be used
to derive more accurate estimates of the prognoses of GBM
patients.

DISCUSSION

In this study, we calculated scores that measure
the balance between Thl and Th2 cells based on the
expression of PD-L1, PD-L2, and PD-1 and clinical
information of 158 GBM patients deposited in TCGA
and analyzed their prognoses. The results revealed that
GBM patients with good prognoses have low Th2 balance

based on IL4 and GATA3 expression and low expression
of PD-L1 and PD-1. Downregulated expression of the
PD-L1/PD-1 axis genes in Th2 cells was associated with
good prognosis. Furthermore, 14 genes were identified as
potential prognostic markers associated with Th1 and Th2
responses and major inflammatory signaling pathways,
including NF-kB and IL-6/STAT3 signaling: SLC11A1,
TNFRSFI1B, and LTBR were found to be especially
promising predictors of the prognoses of GBM patients
and could be used to develop effective GBM treatment
strategies. SLC11A1, TNFRSF1B, and LTBR have been
known in the immune signature or immune environment,
such as Th1/Th2 response and/or NF-kB signaling in
tumors. However, detailed experiments and precise
explanation on the molecular network and integrated
function among these three genes, Th1/Th2 balance, and
PD-L1/PD-1 axis should be done in the future study.
SLCI11A1, TNFRSF1B, and LTBR have not yet been
reported on prognostic factors in GBM, thus, suggestive
of novel target candidates for cancer immunotherapy.
In general, a prognostic prediction could be useful for a
treatment regimen, whereas how this can be applied in the
clinical management would be a next subject beyond the
study.

Immune checkpoint regulation by cell signaling
and transcription factors

IFN-y, which is produced by Thl T-cells, promotes
the activities of type I interferons IFN o and IFN-
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Figure 5: Decrease of gene expression in development, cell differentiation, immune response, and cell death in Th2t"
GBM patients. (A) Decreased expression of 98 immune-related genes in Th2*" GBM patients, associated with expression in CD274%
and PDCD1%" GBM patients. Fold differences are shown in heatmap with clustering analysis. Color configuration indicates 0.057-fold
(green) to 7.015-fold (red), compared with each High subgroup. (B) Gene ontology analysis of 98 immune-related genes decreased in the
Th2" subgroup. Representative GO terms with GOstat are presented. (C) Functional annotation of the immune-related genes decreased
in Th2'¥, Representative Terms with DAVIDv6.8 are presented.
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against tumor growth. IFN signaling is constitutively
active in gliomas as well. However, the silencing of
IFN-0/B receptors 1 or 2 (IFNAR1 or IFNAR2), which
constitute a loop to IFN-a signaling, causes a reduction
in PD-L1 and MHC class I/II expression in glioma cells,
as well as an enhanced susceptibility to immune cell
lysis of NK cells. Thus, the above findings suggested
that autocrine IFN-o signaling, but not IFN-f or IFN-y
signaling, contributes to the immune evasion of gliomas
[18]. Similarly, blockade of both the PD-L1 and CTLA-4
immune checkpoints substantially improved the efficiency
of stimulatory cancer immunotherapies against GBM,
which are mediated by the binding of thymidine kinase
(TK)/Fms-like tyrosine kinase ligand (FIt3L), and in turn
inhibit the activity of immunosuppressive myeloid cells
in glioma microenvironments [19]. However, our results
demonstrated that a lower proportion of Th2 cells, but not
Thl cells, which was associated with the downregulation of
PD-L1/PD-1 axis genes, predicted good prognoses in GBM
patients. Thus, combining the estimates of Th cell status
and expression of PD-L1/PD-1 axis genes is important
for making reliable prognostic predictions in GBM. We
also identified SLC11A1 as a novel candidate prognostic
marker for Th1 and Th2 responses, as demonstrated by the
longer survival of the SLC11A 1" subgroup compared to
that of the SLC11A1%¢" subgroup, thereby indicating the
role of Th cell status in GBM.

In addition, sustained expression of PD-1 has been
observed in exhausted CD8" T-cells in cancer and chronic
viral infection. PD-1 expression is partly regulated by an
exhaustion-specific enhancer that contains the retinoic
acid receptor (RAR), TBX21 (T-bet), and SRY-related
HMG-box 3 (SOX3) [20]. Similarly, targeted therapies for
immune checkpoint blockade were found to be effective
against tumors, whereas glial tumors in children require
the SOX2 transcription factor, an embryonic neural stem
cell antigen that is strongly implicated in the biology of
glioma-initiating cells and acts as an antigenic molecule in
anticancer immunity [21, 22]. Although other transcription
factors, including TP53 tumor suppressor and KRAS
proto-oncogene in lung adenocarcinoma, are involved
in PD-1 blockade immunotherapy [23], the correlation
between lower NF-kB levels and GBM prognosis
represents a potential therapeutic pathway by targeting
the PD-L1/PD-1 axis and has also been reported in breast
cancer [24]. In addition to the known transcription factor
pathways, combined treatment via immune checkpoint
blockade against PD-L1/PD-1 axis and suppression of
NF-«kB signaling targeting TNFRSF1B and/or LTBR could
serve as an effective therapeutic strategy.

Influence of other T-cell subsets, including Th17,
Treg, and CD8" cells, on GBM prognosis

Th17 cells are a subset of pro-inflammatory helper
T-cells defined by the production of IL-17 [25]. Th17

cells are derived from CD4+ cells and are involved in
regulatory T-cells (Tregs) [26, 27]. TBX21 (T-bet),
GATA3, and retinoic acid receptor (RAR)-related orphan
receptor gamma thymus (RORyt; encoded by the RORC
gene) stimulates CD4" cells, which is differentiated into
Th17 cells [26]. Th17 cells produce IL-2 that is required
for generation and maintenance of Tregs but inhibits the
Th17 cell differentiation [27]. However, Thl and Th2
lineages are developmentally different from the Th17
lineage [28]. In this study, we only detected colony
stimulating factor 3 receptor (CSF3R), which is related
to the IL6/STAT3 signaling pathway, as a differentially
expressed gene in the Th2'™", PD-L1™¥, and PD-1%"
subgroups compared with the corresponding high
subgroups (Figure 4A—4C); the subgroup divided by
CSF3R expression did not show statistical significance
for prognosis in the 158 GBM patients (HR = 0.96,
P = 0.34, log-rank test; Supplementary Figure 7K).
Furthermore, the signature factors of Th17 cells, such
as IL-6, IL-21, IL-23, and ROR-y, were not detected
among the 98 differentially expressed genes in the Th2v
subgroup. Therefore, whether the Th1/Th2 balance is
correlated with Th17 cells in GBM should be more
addressed in further studies.

On the other hand, TGF-p pathway genes, related
to Treg differentiation [29,30], including TGFBI,
TGFBR2, bone morphogenetic protein (BMP) family
genes, including BMP1, BMP3, and BMPS5, and
activin A receptor type I (ACVR1) were detected as
differentially expressed genes in the Th2'" subgroup.
Interestingly, all of these genes were downregulated in
the Th2L°¥ subgroup compared with the Th2Hieh subgroup
(Figure 5A), suggestive of a positive correlation
between the Th2™"¥ subgroup and Treg differentiation.
In the context of these results, the Th2 and Th17 cell
subsets may be weakly correlated in GBM. Because
lower expression of GATA3 contributing the low score
of Th2 also deregulate Th17 differentiation from CD4"
cells [26], and further, dysregulation of Th17 cells also
cause malfunctions of Treg via lower levels of signaling
pathways of TGF-} superfamily in Th2™* gene profiling
[29,30]. In addition, CD4 was downregulated in the
Th2™* subgroup (Figure 5A), whereas CD8 was not
included in the 98 differentially expressed genes in the
Th2t¥ subgroup, suggesting that CD8 expression and/
or CD8" cells may not have been correlated with the low
Th2 balance in the GBM patients and their long overall
survivals.

MATERIALS AND METHODS

Data set

Clinical information and RNA-Seq gene expression
data were obtained from The Cancer Genome Atlas
(TCGA) (NIH, https://cancergenome.nih.gov/) deposited
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between 2008 and 2012. Out of 604 GBM clinical
samples, 166 samples with available clinical information
and RNA-Seq data were downloaded. Duplicate samples,
such as those from recurrent tumors, were removed from
the analysis. The final data set comprised 158 samples
available for survival distribution analysis and gene
expression profiling, as a training data set. And also,
1120 low grade glioma (LGG) and GBM data were
downloaded. 558 LGG samples and duplicated samples,
such as identical 145 GBM samples including into the
training data set as described above, were removed.
Finally, out of 417 GBM samples, 413 samples with
available clinical information and RNA-Seq data were
remained, as a validation data set.

Principal component analysis (PCA)

PCA was used to classify GBM patients into
subgroups and to estimate patient prognosis in a simple
form, such as a linear combination of expression values of
target genes and estimates of T-cell status, as previously
described [31,32]. PCA was performed using normalized
values of fragments per kilobase of exon per million
mapped sequence reads (FPKM) of target genes using a
multivariate analysis tool for PCA using built-in modules
in JMP (SAS Institute Inc., Tokyo, Japan).

Kaplan-Meier analysis

The Kaplan-Meier method was used to estimate
survival distributions for each group with log-rank test
among subgroups using JMP built-in modules (SAS
Institute Inc., Tokyo, Japan). Hazard ratios (HR) and
95% confidence intervals (CI) were calculated based on a
logistic regression model with respect to clinical variables
that were assessed via multivariate analysis with stepwise
selection to compare groups. Overall survival (OS) was
defined as the date of diagnosis of GBM to the date of
death or last follow-up.

Clustering analysis and gene ontology (GO)
analysis

Clustering was performed using a hierarchical
clustering method using JMP built-in modules (SAS
Institute Inc., Tokyo, Japan). Functional GO annotation
was performed using GOstat [33] and The Database
for Annotation, Visualization and Integrated Discovery
(DAVID) v6.8 [34].

Statistics

Statistical analyses were performed using R
software [35], Bioconductor [36], and JMP v10 (SAS
Institute Inc., Tokyo, Japan). Statistical significance was
assessed using a log-rank test, two-sample #-test, chi-
square (y?) test, one-way analysis of variance (ANOVA),

and Wilcoxon/Kruskal-Wallis test as appropriate. P* <
0.05 was considered statistically significant.

Author contributions

YT, AK, and RY designed the experiments. YT, AK,
TK, and AH performed the experiments. YT, AK, and RY
analyzed data. YT and RY wrote the manuscript.

CONFLICTS OF INTEREST

The authors have declared that no conflict of interest
exists.

FUNDING

This work was supported in part by JSPS KAKENHI
grant number 16H05441 to R.Y.

REFERENCES

1. Turner JD, Williamson R, Almefty KK, Nakaji P, Porter R,
Tse V, Kalani MY. The many roles of microRNAs in brain
tumor biology. Neurosurg Focus. 2010; 28:E3.

2. Louis DN, Ohgaki H, Wiestler OD, Cavenee WK, Burger
PC, Jouvet A, Scheithauer BW, Kleihues P. The 2007 WHO
classification of tumours of the central nervous system. Acta
Neuropathol. 2007; 114:97-109.

3. Kleihues P, Louis DN, Wiestler OD. WHO grading of

tumours of the central nervous system. In: Louis DN,

Ohgaki H, Wiestler OD, Cavenee WK, eds. World Health

Organization Classification of Tumours of the Nervous

System. Lyon, France: IARC Press, 2007;10-11.

Stewart LA. Chemotherapy in adult high-grade glioma:

a systematic review and meta-analysis of individual

patient data from 12 randomised trials. Lancet. 2002;

359:1011-1018.

5. Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn
MJ, Janzer RC, Ludwin SK, Allgeier A, Fisher B, Belanger
K, Hau P, Brandes AA, Gijtenbeek J, et al, and European
Organisation for Research and Treatment of Cancer Brain
Tumour and Radiation Oncology Groups; National Cancer
Institute of Canada Clinical Trials Group. Effects of
radiotherapy with concomitant and adjuvant temozolomide
versus radiotherapy alone on survival in glioblastoma in a
randomised phase III study: 5-year analysis of the EORTC-
NCIC trial. Lancet Oncol. 2009; 10:459-466.

6. Tran B, Rosenthal MA. Survival comparison between
glioblastoma multiforme and other incurable cancers. J Clin
Neurosci. 2010; 17:417-421.

7. Xue S, Hu M, Li P, Ma J, Xie L, Teng F, Zhu Y, Fan B,
Mu D, Yu J. Relationship between expression of PD-L1 and
tumor angiogenesis, proliferation, and invasion in glioma.
Oncotarget. 2017; 8:49702-49712. https://doi.org/10.18632/
oncotarget.17922.

www.oncotarget.com

19076

Oncotarget



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Zhai L, Ladomersky E, Dostal CR, Lauing KL, Swoap K,
Billingham LK, Gritsina G, Wu M, McCusker RH, Binder
DC, Wainwright DA. Non-tumor cell IDO1 predominantly
contributes to enzyme activity and response to CTLA-4/
PD-L1 inhibition in mouse glioblastoma. Brain Behav
Immun. 2017; 62:24-29.

Tan AC, Heimberger AB, Khasraw M. Immune Checkpoint
Inhibitors in Gliomas. Curr Oncol Rep. 2017; 19:23.

Ferguson-Smith AC, Chen YF, Newman MS, May LT,
Sehgal PB, Ruddle FH. Regional localization of the
interferon-beta 2/B-cell stimulatory factor 2/hepatocyte
stimulating factor gene to human chromosome 7p15-p21.
Genomics. 1988; 2:203-208.

Linsley PS, Bradshaw J, Urnes M, Grosmaire L, Ledbetter
JA. CD28 engagement by B7/BB-1 induces transient
down-regulation of CD28 synthesis and prolonged
unresponsiveness to CD28 signaling. J Immunol. 1993;
150:3161-3169.

Huang B, Zhang H, Gu L, Ye B, Jian Z, Stary C, Xiong X.
Advances in Immunotherapy for Glioblastoma Multiforme.
J Immunol Res. 2017; 2017:3597613.

Munn DH, Mellor AL. Indoleamine 2,3 dioxygenase and
metabolic control of immune responses. Trends Immunol.
2013; 34:137-143.

Wang Z, Zhang C, Liu X, Wang Z, Sun L, Li G, Liang J,
Hu H, Liu Y, Zhang W, Jiang T. Molecular and clinical
characterization of PD-L1 expression at transcriptional level
via 976 samples of brain glioma. Oncoimmunology. 2016;
5:¢1196310.

Romagnani S. T-cell subsets (Th1 versus Th2). Ann Allergy
Asthma Immunol. 2000; 85:9-18.

Zhu J, Paul WE. CD4 T cells: fates, functions, and faults.
Blood. 2008; 112:1557-1569.

Wan YY. GATA3: a master of many trades in immune
regulation. Trends Immunol. 2014; 35:233-242.

Silginer M, Nagy S, Happold C, Schneider H, Weller M,
Roth P. Autocrine activation of the IFN signaling pathway
may promote immune escape in glioblastoma. Neuro Oncol.
2017; 19:1338-1349.

Kamran N, Kadiyala P, Saxena M, Candolfi M, Li Y,
Moreno-Ayala MA, Raja N, Shah D, Lowenstein PR,
Castro MG. Immunosuppressive Myeloid Cells’ Blockade
in the Glioma Microenvironment Enhances the Efficacy
of Immune-Stimulatory Gene Therapy. Mol Ther. 2017;
25:232-248.

Sen DR, Kaminski J, Barnitz RA, Kurachi M, Gerdemann
U, Yates KB, Tsao HW, Godec J, LaFleur MW, Brown
FD, Tonnerre P, Chung RT, Tully DC, et al. The
epigenetic landscape of T cell exhaustion. Science. 2016;
354:1165-1169.

Spisek R, Kukreja A, Chen LC, Matthews P, Mazumder A,
Vesole D, Jagannath S, Zebroski HA, Simpson AJ, Ritter G,
Durie B, Crowley J, Shaughnessy JD Jr, et al. Frequent and

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

specific immunity to the embryonal stem cell-associated
antigen SOX2 in patients with monoclonal gammopathy. J
Exp Med. 2007; 204:831-840.

Vasquez JC, Huttner A, Zhang L, Marks A, Chan A,
Baehring JM, Kahle KT, Dhodapkar KM. SOX2 immunity
and tissue resident memory in children and young adults
with glioma. J Neurooncol. 2017; 134:41-53.

Dong ZY, Zhong WZ, Zhang XC, Su J, Xie Z, Liu SY,
Tu HY, Chen HJ, Sun YL, Zhou Q, Yang JJ, Yang XN,
Lin JX, et al. Potential Predictive Value of TP53 and
KRAS Mutation Status for Response to PD-1 Blockade
Immunotherapy in Lung Adenocarcinoma. Clin Cancer Res.
2017; 23:3012-3024.

Xue J, Chen C, Qi M, Huang Y, Wang L, Gao Y, Dong H, Ling
K. Type Iy phosphatidylinositol phosphate kinase regulates
PD-L1 expression by activating NF-kB. Oncotarget. 2017;
8:42414-42427. https://doi.org/10.18632/oncotarget.17123.

Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka
M, Weiner HL, Kuchroo VK. Reciprocal developmental
pathways for the generation of pathogenic effector TH17
and regulatory T cells. Nature. 2006; 441:235-8.

Miller SA, Weinmann AS. Common themes emerge in the
transcriptional control of T helper and developmental cell
fate decisions regulated by the T-box, GATA and ROR
families. Immunology. 2009; 126:306—15.

DJ, Hirao LA, McCune M,
Dandekar S. Th17 cells and regulatory T cells in elite control
over HIV and SIV. Curr Opin HIV AIDS. 2011; 6:221-7.
Ivanov II, McKenzie BS, Zhou L, Tadokoro CE, Lepelley
A, Lafaille JJ, Cua DJ, Littman DR. The orphan nuclear
receptor RORgammat directs the differentiation program
of proinflammatory IL-17+ T helper cells. Cell. 2006;
126:1121-33.

Rother N, van der Vlag J. Disturbed T Cell Signaling
and Altered Th17 and Regulatory T Cell Subsets in the
Pathogenesis of Systemic Lupus Erythematosus. Front
Immunol. 2015; 6:610.

Omenetti S, Pizarro TT. The Treg/Th17 Axis: A Dynamic
Balance Regulated by the Gut Microbiome. Front Immunol.
2015; 6:639.

Kawaguchi A, Iwadate Y, Komohara Y, Sano M, Kajiwara
K, Yajima N, Tsuchiya N, Homma J, Aoki H, Kobayashi
T, Sakai Y, Hondoh H, Fujii Y, et al. Gene expression

Hartigan-O’Connor

signature-based prognostic risk score in patients with
primary central nervous system lymphoma. Clin Cancer
Res. 2012; 18:5672-5681.

Kawaguchi A, Yajima N, Tsuchiya N, Homma J, Sano
M, Natsumeda M, Takahashi H, Fujii Y, Kakuma T,
Yamanaka R. Gene expression signature-based prognostic
risk score in patients with glioblastoma. Cancer Sci. 2013;
104:1205-1210.

Beissbarth T, Speed TP. GOstat:
overrepresented Gene Ontologies within a group of genes.
Bioinformatics. 2004; 20:1464—1465.

find statistically

www.oncotarget.com

19077

Oncotarget



34. Huang da W, Sherman BT, Lempicki RA. Systematic 36. Gentleman RC, Carey VJ, Bates DM, Bolstad B, Dettling

and integrative analysis of large gene lists using DAVID M, Dudoit S, Ellis B, Gautier L, Ge Y, Gentry J, Hornik K,
bioinformatics resources. Nat Protoc. 2009; 4:44-57. Hothorn T, Huber W, et al. Bioconductor: open software

35. R Development Core Team. R: A Language and development for computational biology and bioinformatics.
Environment for Statistical Computing. Vienna, Austria: R Genome Biol. 2004; 5:R80.

Foundation for Statistical Computing, 2011. [Cited 10 Dec
2012.] Available from URL: http://www.R-project.org.

www.oncotarget.com 19078 Oncotarget



