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Abstract
Survival in the majority of high grade astrocytoma (HGA) patients is very poor, with only a rare
population of long-term survivors. A better understanding of the biological factors associated with
long-term survival in HGA would aid development of more effective therapy and survival
prediction. Factors associated with long-term survival have not been extensively studied using
unbiased genome-wide expression analyses. In the present study, gene expression microarray
profiles of HGA from long-term survivors were interrogated for discovery of survival-associated
biological factors. Ontology analyses revealed that increased expression of immune function-
related genes was the predominant biological factor that positively correlated with longer survival.
A notable T-cell signature was present within this prognostic immune gene-set. Using immune
cell-specific gene classifiers, both T-cell and myeloid linage-associated genes were shown to be
enriched in HGA from long versus short-term survivors. Association of immune function and cell-
specific genes with survival was confirmed independently in a larger publicly available
glioblastoma gene expression microarray dataset. Histology was used to validate the results of
microarray analyses in a larger cohort of long-term survivors of HGA. Multivariate analyses
demonstrated that increased immune cell infiltration was a significant independent variable
contributing to longer survival, as was Karnofsky/Lansky performance score. These data provide
evidence of a prognostic anti-tumor adaptive immune response and rationale for future
development of immunotherapy in HGA.

INTRODUCTION
Median survival in high grade astrocytoma (HGA), consisting predominantly of
glioblastoma (GBM) and anaplastic astrocytoma (AA) is 15 months and 3 years respectively
(1, 2). Few robust prognostic factors have been identified in HGA, hindering patient care
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and stratification in clinical trials. Currently established clinical risk factors include
Karnofsky/Lansky performance score, a measure of patient wellbeing that is widely utilized
in oncology, and age (3). O-6-methylguanine-DNA methyltransferase (MGMT) promoter
methylation status and isocitrate dehydrogenase 1 (IDH1) mutational status have been
established as molecular prognostic factors in adult HGA (4, 5).

Gene expression microarray analyses have been employed to identify novel prognostic
biomarkers in HGA. This unbiased genome-wide approach has the additional benefit of
providing insight into the biological mechanisms of tumorigenesis that can be exploited for
the development of more effective therapies. Despite numerous studies that have identified
prognostic gene signatures in HGA using microarray technology there remains no predictor
of survival that has proven robustly reproducible from study to study (6-10). This may be
due to the effects of biological heterogeneity inherent in HGA combined with the typically
limited duration and range of survival.

While prognosis is poor for the majority of HGA, a small but discrete subgroup of long-term
survivors exists, with 3-5% of GBM patients surviving longer than 3 years. The driving
hypothesis for this study is that a more pronounced and biologically informative prognostic
gene signature could be obtained by gene expression microarray analysis of long-term
survivors of HGA. Using this approach, the present study identified immune function as the
predominant ontology associated with long-term survival in pediatric and adult HGA.
Histological validation in a larger cohort of long-term survivors demonstrated that increased
infiltration of immune cells was prognostically favorable.

MATERIALS AND METHODS
Patient cohort and sample collection

Both adult and pediatric HGA samples, including GBM and AA, were included in this study
cohort. Using broad age and diagnostic categories substantially increased the number of
long-term survivors available to the study. This inclusive approach also has the potential to
identify broad prognostic factors in HGA. Multivariate analyses were employed to address
the confounding effect of age, tumor grade and a number of other potentially prognostic
factors in this cohort.

For the initial discovery cohort (gene-expression microarray analysis), surgical tumor
samples were obtained from 26 patients who presented between 1990 and 2008 for treatment
of HGA at the University Hospital or The Children’s Hospital (Denver, CO) who were
diagnosed with GBM or AA according to World Health Organization (WHO) guidelines
(11). Tumor was either snap frozen in liquid nitrogen or placed in RNAlater storage solution
(Qiagen, Valencia, CA) at the time of resection. Survival data was available for all patients
in this study, which was conducted in compliance with institutional review board regulations
(COMIRB 95-500 and 05-0149). Included in this study were 3 long-term HGA survivors (2
adult GBM and 1 pediatric GBM), with a median survival of 7.0 years (range 6.0-8.5 years).
Clinical details are provided in Supplemental Table IA, including previously identified
survival-associated factors of age at diagnosis, Karnofsky/Lansky performance score,
diagnosis, tumor location, extent of surgery and therapy received. The microarray analysis
control cohort consisted of 23 standard survival HGA samples (21 GBM and 2 AA) of
which 18 were from pediatric patients. The median survival for this cohort was 12 months
(range 1 to 40 months).

Validation of the results of gene-expression microarray analyses was performed in a
publicly available Affymetrix genechip dataset used by Phillips et. al to identify molecular
subclasses of high-grade glioma (GSE4271) (10). Gene expression profiles were available
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for 50 primary samples of GBM from deceased patients. The median survival of this cohort
was 14.7 months (range 0.7-74 months), of which 8 survived longer than 3 years.

In the secondary validation cohort formalin-fixed paraffin-embedded (FFPE) material from
33 patients was obtained from archival diagnostic specimen banks of the pathology
departments of the University Hospital or The Children’s Hospital. Included in this study
were 14 long-term HGA survivors (12 GBM and 2 AA) of which 4 were pediatric. For the
purposes of this study long-term survivors were defined as anyone who survived longer than
5 years with a diagnosis of GBM and 15 years with a diagnosis of AA. This long-term
survival cohort included the same 3 long-term survivors used in the microarray study. The
median survival for the HGA long term survivor cohort was 8.2 years (range 5.5-16.6
years). The control cohort consisted of 19 standard survival HGA samples (13 GBM, 6 AA)
of which 10 were pediatric. The median survival for this cohort was 10 months (range 1-31
months).

Gene expression microarray analysis
Five micrograms of RNA that had been extracted from tumor was amplified, biotin-labeled
(ENZO, Farmingdale, NY) and hybridized to Affymetrix HG-U133 Plus 2 microarray chips
(Affymetrix, Santa Clara, CA). Analysis of gene expression microarray data was performed
using Bioconductor functions written in the R programming language
(http://www.bioconductor.org). Microarray data CEL files were background corrected and
normalized using the GC Robust Multi-array Average (gcRMA) algorithm (12), resulting in
log 2 expression values. The Affymetrix HG-U133 plus 2 microarray contains 54,675 probe
sets including multiple probe sets for the same gene. To reduce error associated with
multiple testing and to avoid bias in enrichment statistics from genes containing multiple
probesets, a filtered list containing a single probe set for each gene that possessed the
highest gcRMA expression level across all samples used was created (20,722 genes). The
microarray data discussed in this publication have been deposited in NCBI’s Gene
Expression Omnibus (13) and are publicly accessible through GEO Series accession number
GSE33331 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE33331).

GBM patient samples from the Phillips cohort (GSE4271) was analyzed on both Affymetrix
HG-U133A and HG-U133B platforms. CEL files specific to the 2 platforms were
normalized separately using gcRMA normalization. These datasets were then combined and
filtered to obtain single probesets for each gene as described above.

Gene ontology analyses
Two computer-based ontology analysis tools were used to measure enrichment of specific
gene functions: DAVID (Database for Annotation, Visualization and Integrated Discovery:
http://david.abcc.ncifcrf.gov) (14) and GSEA (Gene Set Enrichment Analysis:
http://www.broad.mit.edu/gsea) (15). Both analyses were used to assess gene lists for
enrichment of genes annotated with specific Gene Ontology Project (GO) biological process
terms (http://www.geneontology.org) (16). Enrichment is defined as more genes that are
associated with a particular variable than would be expected by chance. Briefly, DAVID is a
web-based resource that provides GO term fold-enrichment scores and p-values for lists of
genes that have already been identified by the user as significantly associated with a
particular variable. GSEA creates a ranked list of genes based on user selected criteria such
as signal-to-noise, t-tests, etc. For the purposes of this study, genes were ranked on their
correlation with survival time. Thus, unlike DAVID, GSEA takes into account the strength
of association rather than simply whether a gene is significantly associated or not. The
output for both ontology analysis tools is an enrichment score with associated Student’s t-
test p-values for each GO term.
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Enrichment analysis of specific immune cell lineage genes
Gene expression microarray data derived from surgical brain tumor specimens contain genes
expressed by non-tumor cells of the tumor microenvironment. To address this, a technique
was developed to identify and predict specific expression patterns of immune-related cells,
based on data from previously isolated cell populations, should they be found within the
tumor microenvironment of HGA. Classifier gene lists for discrimination of specific
immune cell lineages were created for this study from publicly available Affymetrix HG-
U133A gene expression cell and tissue profiles at BioGPS (17). This dataset consists of
previously acquired gene expression data for isolated cell types including multiple immune
cell lineages and brain tissues. The full BioGPS dataset was filtered to create a dataset
consisting of 2 samples each from a range of immune cell lineages -dendritic cells
(BDCA4), monocytes (CD14), B-cells (CD19), myeloid cells (CD33), helperT-cells (CD4),
natural killer (NK) cells (CD56) and cytotoxic T-cells (CD8). Samples from normal brain
tissues were also included as controls and consisted of 2 each of the following – amygdala,
caudate nucleus, cerebellum, cerebellum peduncles, cingulate cortex, fetal brain, globus
pallidus, hypothalamus, medulla oblongata, occipital lobe, olfactory lobe, parietal lobe,
pituitary, pons, prefrontal cortex, spinal cord, subthalamic nucleus, superior cervical
ganglion, temporal lobe, thalamus, trigeminal ganglion and whole brain. Immune lineage
classifier gene lists were thus created for each immune cell lineage listed above. Fold change
gene expression and associated p-values (Students 2-tailed t-test) were generated for each
immune cell type profile (n=2) versus all other immune cell and brain tissue profiles
combined (n=58). In addition, a combined T-cell lineage classifier was created by pooling
both helper (CD4) and cytotoxic (CD8) T-cell samples and a combined myeloid lineage
classifier by pooling monocyte (CD14) and myeloid cell (CD33) samples. Classifier genes
were selected as those with p < 0.05, an increase over controls of greater than 15-fold and
filtered to remove duplicate gene symbols (Supplemental Table II). The ability of classifier
gene lists to distinguish discrete immune cell lineages was strengthened by using only genes
that were 15-fold higher than controls.

Enrichment of HGA survival associated genes in gene-expression microaray validation
dataset

HGA gene expression microarray profiles were filtered to generate gene lists that were
either positively or negatively correlated with survival (p<0.05). Genes that were postitively
correlated with survival were further filtered to contain only genes that were annotated with
“immune response” GOterm (6955) (Supplemental Table II). The 3 HGA survival
associated genesets were combined with the specific immune cell lineage classifier gene sets
described above for GSEA analysis of the Phillips validation dataset.

Immunohistochemistry
Immunohistochemistry (IHC) was performed on 5 micron FFPE tumor tissue sections.
Slides were deparaffinized and then subjected to optimal antigen retrieval protocols.
Subsequent steps were performed using the EnVision-HRP kit (Dako, Glostrup, Denmark)
on a Dako autostainer according to standard protocol. Incubation with primary antibody was
performed for 2 hours. The following dilutions of primary antibody were used, and applied
to the sections for 1 hour: 1:250 allograft inhibitory factor-1 (AIF1) (Cat#01-1974) from
Waco Pure Chemicals (Richmond, VA); 1:2 Pre-diluted CD4 (SP35; Cat#104R-18) from
Cell Marque (Rocklin, CA) and 1:100 CD8 (C8/144B; Cat#M7103) from Dako. Each of
these antibodies stained a discrete subpopulation of cells that were distributed throughout
the parenchyma of the tumor. Sections were counterstained with hematoxylin. Slides were
analyzed with the Olympus BX40 microscope, x40 objective lens and x10 eyepiece
(Olympus, Center Valley, CA). Images were captured using an Optronics MicroFire 1600 X
1200 camera and PictureFrame 2.3 imaging software (Optronics, Goleta, CA). Slides were
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scored in a blinded fashion, with infiltrating cell abundances measured as the mean number
of positive staining cells per multiple fields of view (number dependent on sample size) at
400x magnification.

Statistical analysis
The Kaplan–Meier method was used to estimate the probability of survival as a function of
time. Survival was calculated from the date of initial diagnosis to the date of death from any
cause; patients alive at time of analysis were censored. Differences between survival curves
were analyzed for significance using the log-rank test. Multivariate analysis of the relative
importance of factors to survival was performed using the Cox proportional hazards method.

RESULTS
Genes positively correlated with long-term survival in HGA are predominantly immune-
related

In the initial gene ontology analysis, DAVID was used to identify enriched biological
functions in genes associated with survival as a continuous variable. As input for DAVID
ontology analysis, a list of 1106 genes that positively correlated (p<0.05 estimated by
Pearson correlation test) with survival in HGA (n=26) was created from all 20,722 genes.
Using the same approach, a list of 469 genes that were negatively correlated with survival
was also created. DAVID showed that the predominant ontology in genes positively
correlated with survival were immune-related (Table I). Cell cycle and M-phase related
ontologies were found to be enriched in genes that were negatively correlated with survival.
These cell cycle ontologies reached greater statistical significance than the positive survival
correlate enriched ontologies. GSEA was used as a secondary analysis of functional
enrichment in survival associated gene lists. Similar to the DAVID results, GSEA identified
3 of the highest 10 ontologies in genes that positively correlated with survival as immune-
related (Table I). In the reverse analysis, amongst those genes that were negatively
correlated with survival, the highest enriched GO terms were cell cycle-related.

Ontological analysis using GO is dependent on curator driven annotation of gene functions
based on traceable author statements and/or inferences from electronic annotations. As a
consequence, genes that have not yet been annotated are ignored by the computer based
ontological analyses described above. Therefore, the 1106 genes positively correlated with
survival genes used above were manually reviewed to identify those with a documented
predominant role in specific immune mechanisms. This process identified 19% (205/1106)
genes that were related to immune function. The results of this analysis, with genes listed
and categorized into subgroups according to their documented role in specific immune
mechanisms, are provided in Supplemental Table IB. Notably, 99 immune-related genes
(48%) were found that did not have an annotation of “immune response” (GOterm 6955) ,
including a number of genes of key CD immune markers such as CD2, CD3, CD33 and
CD40, underscoring the importance of manual review of gene lists as performed here.

A number of notable genes associated with the adaptive immune system were identified in
those genes positively correlated with longer survival in HGA. In particular a large number
of genes known to be expressed by T-cells (CD3D, CD3E, CD3G, CD8B, TRAC, TRAT1,
VAV1 and ZAP70) were shown to be associated with long-term survival. Additionally,
multiple components of the innate immune system, including genes associated with
microglia/macrophages (AIF1, CD68, CD86, CIITA, HLA-DOA, HLA-DQB2, HLA-
DRB1, HLA-DRB6, NOD2) were present in this prognostic immune gene-set. Several toll-
like receptors were also associated with long-term survival (TLR2, 3, 5, 6, 7 and 8).
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Known negative regulators of immune function in gliomas were examined to identify any
association with shorter survival in HGA. Interleukin-10 (IL-10) was found to be associated
with longer survival (p=0.0127), and no significant survival association was observed for
IL-13, FOXP3, STAT3, TGFB1 or TGFB2 gene expression.

Lymphoid lineage specific genes are enriched in HGA long-term survivors
To clarify which immune cell types might account for the immune function enrichment
identified above, genes uniquely specific to each immune cell lineage were identified using
existing publicly available gene expression data. Gene expression microarray data obtained
from purified immune cell lineages were used to created classifier gene sets. These classifier
genesets were then used in combination with GSEA to indicate the presence of specific
types of infiltrating immune cells in HGA from long term survivors. This analysis revealed
that lymphoid cell lineage classifiers helper T-cell (CD4), combined T-cell (CD4 and CD8)
and natural killer cell (CD56) were statistically significantly enriched (p<0.05) in the long-
term survivor associated genes (Table II). Cytotoxic T-cells (CD8) and myeloid lineages
(combined myeloid lineage (CD14 and CD33), myeloid cell (CD33) and monocyte (CD14))
approached significance (p<0.1). B-cells (CD19) and dendritic cells (BDCA4) were the least
enriched cell types. Conversely, none of these immune cell lineage classifiers were enriched
in the genes associated with shorter survival in HGA.

Validation of survival associated immune response gene expression signature
Following primary analysis of the in-house HGA dataset a publicly available gene
expression microarray dataset (Phillips; GSE4271) was used to confirm our findings (10).
The patient cohort represented by this dataset contained 50 primary GBM that were from
deceased patients of which 8 survived longer than 3 years (range 3.5-6.2 years).

This dataset was subject to the same ontology and immune cell lineage analyses as described
above. Expression of all 19110 HG-U133A and U133B best expressed probesets in the
Phillips dataset were correlated (Pearson’s) with survival as a continual variable. This
approach identified 1391 genes that were positively correlated with survival (p<0.05).
Ontology analysis of these genes using DAVID identified immune response as the most
highly enriched biological process associated with long-term survivor GBM samples (Table
III). Similar to the DAVID results, GSEA identified 2 of the highest 10 ontologies in genes
that positively correlated with survival as inflammation and immune-related (Table III).
These results match the results of the in-house analysis thus supporting the hypothesis that
host immunity contributes significantly to long-term survival in HGA. In the converse
analysis, 1181 genes were significantly correlated with shorter survival. DAVID and GSEA
analyses demonstrated that the predominant ontologies associated with short-term survival
were mitosis-related, again matching the results of the in-house dataset analysis (Table III).
Enrichment of genes associated with specific immune cell lineages in the Phillips dataset
was measured using GSEA as described above, but with the addition of HGA positive and
negative correlate genesets generated from our in-house dataset (n=1106 and n=469
respectively). A third geneset was created by using only “immune response” (GOterm 6955)
annotated genes that were significantly positively correlated survival (n=117). Seven of the
9 immune cell lineages were shown to be associated with long-term survival (Supplemental
table IC). In contrast to the HGA in-house dataset, monocyte and myeloid linage-associated
genes were significantly enriched in long-terms survivors in the Phillips dataset. HGA
positive and negative survival-correlate genes were significantly enriched in the
corresponding Phillips dataset survival correlated genes. Of note, a higher enrichment was
seen in “immune response” annotated HGA positive correlates than in the full HGA positive
correlate geneset.
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Immune-related genes associated positively correlated with survival in the Phillips were
compared to those indentified in the HGA dataset. Fifteen “immune response” GOterm
annotated genes were shared between the two datasets. These included myeloid-lineage
expressed genes GPR183, IRF8, IL6R, KYNU, NCF4, STXBP2, TNFAIP8L2 and
TNFSF13 (APRIL) based on BioGPS, suggesting a common myeloid-lineage enrichment in
long-term survivors from the 2 datasets. Those immune-related genes that distinguished the
Phillips from the HGA dataset included a number of Fc-receptors (CD16A and B, CD32,
CD64) and MHC class-I HLA-A. MHC class-II and T-cell associated genes that had been
identified in the HGA geneset were absent from the Phillips dataset. Negative regulators of
immune function were studied to identify any association with shorter survival in the
Phillips datasets. Interleukin-4 (IL-4) was found to be associated with shorter survival
(p=0.0175) supporting a link between TH2 immune response polarization and a shorter
survival. Conversely, FOXP3 and TGFB1 were significantly associated with long-term
survival (p=0.0203 and p=0.0143 respectively). No significant survival association was
observed for STAT3, IL-10, IL13 or TGFB2 gene expression.

In a histological validation cohort of HGA, immune cell infiltration and Karnofsky/Lansky
performance score contribute to long term survival

Based on the results of microarray analysis of long-term survivors of HGA, it was
hypothesized that increased tumor infiltration of microglia and/or T-cells is associated with
longer survival. To validate this hypothesis IHC was used to measure immune cell
infiltration in a larger cohort of long-term survivors of HGA. The patient cohort for this
study included 14 long-term survivors (median survival 8.5 years; range 5.5-17 years) and
19 patients whose survival was in the typical range (median survival 9 months; range 1-31
months). Immunostaining of FFPE diagnostic samples was performed for CD8 and CD4,
specific markers for cytotoxic T-cells and helper T-cells respectively (Figure 1A). The
association of a significant number of putative myeloid/monocyte function and lineage-
specific genes with long term survival in HGA also implied the presence of infiltrating
microglia/macrophages in these tumors. To confirm the presence of microglia/macrophages,
the most abundant myeloid-linage cells in the central nervous system (CNS),
immunostaining for AIF1was performed (Figure 1B). AIF1, also known as Iba1, is a
specific marker for the microglia/macrophage population in the central nervous system (18).
Frequency of infiltration of specific immune cells was scored as number of stained cells per
400x field of vision. Immunostaining representing high and low T-cell and microglia/
macrophage infiltration are provided in Supplemental Figure 1. Additional known survival
associated factors - age at diagnosis, Karnofsky/Lansky performance score, tumor grade,
location, extent of surgery and therapy received - were included in the survival analyses to
address any potential confounding factors.

Univariate Kaplan-Meier analysis was first used to identify factors that were significantly
associated with survival. Factors addressed in this study consisted of non-continuous
variables (tumor grade, adult/pediatric, radiation treatment, temozolomide treatment,
supratentorial location, thalamic location and gross total resection) and continuous variables
that were divided at the mean value into high / low (helper T-cell (CD4) infiltration,
cytotoxic T-cell (CD8) infiltration, microglia/macrophage (AIF1) infiltration, age at
diagnosis and Karnofsky/Lansky performance score). Factors significantly associated with
survival were performance score greater than the mean of 80 (p=0.00387), cytotoxic T-cell
infiltration greater than the mean (p=0.0154) and helper T-cell infiltration greater than mean
(p=0.0272). Mean cytotoxic and helper T-cell infiltration was 1.26 (range 8.2-0) and 1.98
(range 37-0) cells per 400x field of view respectively. Association of survival with greater
than mean microglia/macrophage infiltration showed a trend toward significance (p=0.089).
To further investigate the influence of microglia/macrophage infiltration on survival the
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cutoff for high infiltration in this cell population was made more stringent by using > 75th
percentile, which showed a significant association with survival (p=0.0146). The 75th

percentile score for microglia/macrophage infiltration was 100 (range 220-0) cells per 400x
field of view. None of the remaining factors showed a significant association with survival.

Significant variables were next subject to multivariate analysis. Each of the 3 immune cell
population infiltrations showed a significant correlation with each other by either Pearson’s
or Spearman’s approaches. Since these factors were not therefore independent it was
considered appropriate to also combine them (microglia/macrophage > 75th percentile or
cytotoxic T-cell > mean or helper T-cell > mean) into one measure as a single variable. By
Kaplan-Meier analysis the combined immune cell variable was significantly associated with
survival (p=0.0066) (Fig. 1C).

Combined immune cell and individual immune cell variables were modeled with Karnofsky/
Lansky performance score and analyzed using Cox’s proportional hazard (Table IV). This
analysis showed that when combined with performance score each of the immune variables
apart from helper T-cell infiltration were independent variables for survival. The best model
appeared to consist of performance and combined immune cell infiltration, with both factors
contributing significantly to longer survival (p = 0.00268 and 0.00772, respectively) (Table
IV).

DISCUSSION
HGA are heterogeneous but almost uniformly fatal with only a small percentage of long-
term survivors. An unbiased genome-wide microarray approach, with validation in an
independent dataset, was employed to analyze this broad diagnostic class to determine
whether increased enrichment of immune genes and cells was associated with better patient
survival as had been seen in a similar study of another brain tumor, ependymoma (19). The
results of this study showed that this was indeed the case, with immune function ontologies,
immune cell lineage specific genes and infiltrating immune cell frequency being
significantly associated with long term survival in HGA. These data provide additional
support to the theory that host immunity can control tumor growth in a subset of HGA, and
provides a potential explanation for instances of long-term survival in this otherwise
uniformly and rapidly fatal disease.

A number of large-scale gene expression clustering studies have identified sets of genes
reportedly predictive of prognosis in HGA. Rich et al. identified a migration/invasion
molecular signature that was associated with a worse survival in GBM (6). Using an
agglomerative approach, Phillips et al. defined three molecular subgroups of HGA
(proliferative, proneural and mesenchymal) one of which conveyed a better prognosis (10).
However, the gene sets indentified in these studies share few genes in common. To address
this problem, Zhang et al. combined a number of independent data sets and identified a 23-
gene classifier that out-performed previously reported classifiers from the independent
cohorts (9). Of note, 2 of 23 genes were immune-related, the remaining 21 being related to
cellular proliferation.

The majority of studies aimed at identifying prognostic factors in HGA have used standard
survival patient cohorts that contain few long term survivors. The narrow survival range
associated with these cohorts presents difficulty in assigning good and bad outcomes. The
inclusion of a large proportion of long-term survivors in the present study, although not
representative of natural survival distribution in HGA, provides a wider survival range and
thus more clearly delineated good and bad outcomes. These more clearly defined survival
cohorts allow for stronger inferences to be made from associated gene expression analyses.
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To explore this hypothesis one other study, in addition to the present, compared primary
GBM from 7 long-term survivors (> 2 years) to 13 short-term survivors (< 9 months) (20).
Using a genomic approach they identified a prognostic fingerprint of 43 genes. Consistent
with the present study 6 survival-associated immune genes were identified (CD34, IGHG1,
IL13RA1, IL17, IL22 and SERPING1) of which 2 were also associated with longer survival
in the present analysis (IL17 and SERPING1).

Data from the present study which identified apparently reciprocal prognostic cell cycle and
immune functions, supports the theory that an equilibrium may exist between immune
system and tumor, known as immunoediting (21). A shift in this equilibrium can either
result in complete elimination of tumor by the immune system, or alternatively escape from
immune control leading to tumor progression. In long-term survivors of HGA, therapeutic
intervention (surgery, radiation and/or chemotherapy) may have skewed this equilibrium in
favor of the host-immune system, resulting in clinically significant tumor control. Opposing
prognostic cell cycle and immune function gene sets have previously been observed in GBM
and ependymoma (9, 19).

That genes related to immune functions are associated with long-term survivors of HGA
imply that the host immune system may be involved with controlling tumor growth in these
cases. Further details of the specific immunological mechanism through which this occurs is
of significant interest, potentially providing a basis for the design of more effective
immunotherapeutic strategies. A rational approach to improving immunotherapeutic
approaches would be to design strategies based on data taken from direct clinical studies of
human host anti-CNS tumor immune responses. This report potentially illustrates just such a
response, underscoring the value and potential impact of these findings.

The data described in the present study can provide some mechanistic detail of a putative
antitumor immune response in the human CNS. Biological inferences can be gained by
examining the specific immune function genes and cell types that are associated with HGA
long-term survivors and by comparison with the good-outcome associated immune genes
found in other CNS tumor tumors. An earlier study by our group identified a similar
association of immune gene and cell enrichment in EPN, a glial tumor of childhood (19).
EPN commonly has a less aggressive phenotype than HGA, with a recurrence rate of
approximately 50%. A number of T-cell specific genes are seen in the HGA survival
associated genes that were not identified in EPN outcome associated immune genes. This
includes multiple components of the T-cell immune synapse (CD2, CD3D, CD3E, CD3G,
CD8B, TCRGC2, TRBC1, TARP and TRAT1), cytotoxic mediators (Granzyme B, H, K and
M) and key signaling molecules restricted to activated T-cells (CD69, ZAP70, CARD11 and
VAV1). The presence of CD8B and cytotoxic mediators, in addition to above listed T-cell
specific genes, implies that cytotoxic T-cells (CTLs) are an important cellular correlate of
survival in HGA. This theory is supported by multivariate analysis of a larger cohort of
HGA which showed that frequency of tumor infiltrating cytotoxic T-cells (CD8) was
significantly associated with longer survival.

Some of the immune genes up-regulated in long-term survival HGA are associated with
specific T-cell functions. Prior studies have demonstrated that the majority of T cells within
most human GBM are Th2-biased; however, these data were not generated from long-term
survivors(22). Polarization of infiltrating T-cells in long-term survivors to the Th1
phenotype is implied by the presence of GIMAP4, HAVCR2 (TIM3) and STAT4 (23-25).
Together, these data provide preliminary evidence that, beyond the simple presence of an
immune infiltrate, the phenotype and function of that infiltrate may influence survival in
HGA. This conclusion is consistent with the report by Galon et al. demonstrating that the
type (specifically Th1), density, and location of immune cells within human colorectal
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tumors predict clinical outcome better than current staging criteria (26). A number of
histological studies have been performed to assess the role of the host immune system in
control of HGA growth and patient outcome. Three studies identified a positive correlation
of lymphocyte infiltration with outcome (27-29). The results of three other studies however
showed no correlation (30, 31) or a negative correlation(32). It should be noted that these
studies relied on morphometry to identify immune infiltrates and unlike the present study
were not able distinguish subtypes of T-cells nor identify microglia/macrophages.

Much attention in the study of the interaction of HGA with the host immune system has
been devoted to immunosuppressive factors that have shown to contribute to a poor
prognosis. A number of soluble factors released by HGA most notably TGFβ, IL-4, IL-10
and IL-13 have been shown to be immunosuppressive (33-35). The present study
demonstrated that IL-4 expression correlated with shorter-survival but no other
immunosuppressive factors were shown to be associated with a worse outcome. More
recently, attention has been focused on a number of specific immune cells shown to
contribute to an immunosuppressive milieu in the tumor. These include Tregs, myeloid-
derived suppressive cells and most-recently, neutrophils (36-40). STAT3 induced signaling
in gliomas has been implicated in induction of inflammation and mesenchymal
transformation resulting in a poor prognosis (41, 42). No correlation of these
immunosuppressive cells and signaling pathways with a poor prognosis was observed in
either dataset in the present analysis.

The findings of the present study provide evidence that, despite the immunosuppressive
nature of HGA, immunologically mediated control of tumor growth may arise in some
instances, resulting in prolonged survival. Further characterization of the mechanism of
immune control of HGA in long-term survivors is warranted and may aid in the design of
more effective immunotherapies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representative histology of (A) greater than median tumor infiltration of cytotoxic T cells
(CD8; red) and helper T-cells (CD4; brown) in long term survivor HGA11, and (B) greater
than 75th percentile tumor infiltration of microglia/macrophages (AIF1; brown) in long term
survivor HGA12. Immunohistochemistry was performed using FFPE tumor sections with
hematoxylin counterstaining (400x magnification). (C) Kaplan-Meier survival analysis of
combined immune cell infiltration. High combined immune cell infiltration was defined as
greater than median cytotoxic T-cell or helper T-cell or greater than 75th percentile
microglia/macrophage infiltration. Thirty three HGA samples were used.

Donson et al. Page 14

J Immunol. Author manuscript; available in PMC 2013 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Donson et al. Page 15

Table I

Ontologic analyses of genes associated with survival in high grade astrocytoma*

GOTERM Annotation GOterm ID# Enrichment

Fold- p-value

DAVID ontology analysis

Positively correlated with survival

1 Immune system process 2376 2.69 2.16×10−32

2 Immune response 6955 3.02 1.61×10−29

3 Regulation of immune system process 2682 2.84 4.27×10−14

4 Defense response 6952 2.35 1.50×10−13

5 Regulation of immune response 50776 3.42 4.76×10−13

6 Positive regulation of immune system process 2684 3.32 8.00×10−13

7 Cell activation 1775 3.04 1.34×10−12

8 Response to external stimulus 9605 1.99 5.26×10−12

9 Response to wounding 9611 2.35 1.04×10−11

10 Inflammatory response 6954 2.79 1.51×10−11

Negatively correlated with survival

1 M phase 279 8.54 1.00×10−48

2 Cell cycle phase 22403 7.23 3.05×10−46

3 Cell cycle 7049 5.05 6.54×01−46

4 Cell cycle process 22402 5.82 4.76×01−43

5 M phase of mitotic cell cycle 87 9.73 6.47×10−41

6 Nuclear division 280 9.74 3.17×01−40

7 Mitosis 7067 9.74 3.17×10−40

8 Organelle fission 48285 9.36 3.55×10−39

9 Mitotic cell cycle 278 6.79 1.03×01−36

10 Cell division 51301 6.51 5.58×01−27

GOTERM Annotation GOterm ID# Enrichment

NES p-value

GSEA ontology analysis

Positively correlated with survival

1 Generation of precursor metabolites and energy 6091 1.94 0.0112

2 Immune system process 2376 1.92 0.0421

3 Immune response 6955 1.90 0.0521

4 Response to drug 42493 1.89 0.0137

5 Protein oligomerization 51295 1.88 0.0056

6 Humoral immune response 6959 1.84 0.0264

7 Regulation of protein secretion 50708 1.83 0.0041
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GOTERM Annotation GOterm ID# Enrichment

NES p-value

8 Positive regulation of MAP kinase activity 43407 1.78 0.0161

9 Monocarboxylic acid metabolic process 32787 1.74 0.0372

10 Response to chemical stimulus 42221 1.73 0.0609

Negatively correlated with survival

1 Protein amino acid autophosphorylation 46777 2.07 0.0020

2 Protein autoprocessing 16540 1.99 0.0040

3
Establishment and/or maintenance of chromatin
architecture 6325 1.75 0.0565

4
Microtubule cytoskeleton organization and
biogenesis 226 1.72 0.0362

5 Cell cycle process 22402 1.68 0.0971

6 Cell cycle phase 22403 1.67 0.0937

7 Chromosome organization and biogenesis 51276 1.65 0.0917

8 mRNA processing 6397 1.65 0.0891

9 DNA replication 6260 1.63 0.0886

10 DNA recombination 6310 1.62 0.0779

*
The top 10 enriched ontologies for positive and negative correlates of survival using DAVID and GSEA ranked according to p-value and NES,

respectively.

Abbreviations: GSEA, Gene Set Enrichment Analysis; DAVID, Database for Annotation, Visualization and Integrated Discovery; NES,
normalized enrichment score.
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Table II

Immune cell lineage enrichment analysis of genes correlated with survival in high grade astrocytoma.

Immune cell lineage Enrichment

NES p-value

Positively correlated with survival

1 CD4 helper T-cell 2.02 0.0197

2 T-cell lineage (CD4 and CD8 combined) 1.96 0.0430

3 CD56 natural killer cell 1.95 0.0406

4 Myeloid lineage (CD14 and CD33 combined) 1.74 0.0559

5 CD8 cytotoxic T-cell 1.65 0.0986

6 CD33 myeloid cell 1.65 0.0824

7 CD14 monocyte 1.61 0.0936

8 CD19 B-cell 1.41 0.1684

9 BDCA4 dendritic cell 1.32 0.2119

Negatively correlated with survival

No genesets were enriched
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Table III

Ontology analyses of genes associated with survival in glioblastoma in the Phillips (GSE4271) dataset*

GOTERM Annotation GOterm ID# Enrichment

Fold- p-value

DAVID ontology analysis

Positively correlated with survival

1 Immune response 6955 1.57 2.45 ×10−4

2 Defense response 6952 1.58 4.79 ×10−4

3 Regulation of transcription from RNA polymerase
II promoter 6357

1.51 6.12 ×10−4

4 Enzyme linked receptor protein signaling pathway 7167 1.70 0.00230

5 Vascular development 1944 1.80 0.00352

6 Cellular defense response 6968 2.91 0.00392

7 Taxis 42330 2.02 0.00464

8 chemotaxis 6935 2.02 0.00464

9 Blood vessel development 1568 1.78 0.00494

10 Positive regulation of protein kinase activity 45860 1.81 0.00569

Negatively correlated with survival

1 DNA metabolic process 6259 3.10 6.67 ×10−23

2 Cell cycle 7049 2.43 6.14 ×10−19

3 DNA replication 6260 4.17 7.75 ×10−17

4 Cell cycle process 22402 2.59 2.95 ×10−16

5 Response to DNA damage stimulus 6974 2.98 2.14 ×10−15

6 Cell cycle phase 22403 2.77 3.34 ×10−14

7 DNA repair 6281 3.20 5.34 ×10−13

8 M phase 279 2.92 5.66 ×10−13

9 Mitotic cell cycle 278 2.73 2.33 ×10−12

10 Cell division 51301 2.86 4.11 ×10−11

GOTERM Annotation GOterm ID# Enrichment

NES p-value

GSEA ontology analysis

Positively correlated with survival

1 Peptidyl tyrosine modification 18212 2.20 < 0.001

2 Peptidyl tyrosine phosphorylation 18108 2.11 < 0.001

3 Regulation of peptidyl tyrosine phosphorylation 50730 2.08 < 0.001

4 Regulation of protein amino acid phosphorylation 1932 1.98 < 0.001

5 Inflammatory response 6954 1.93 < 0.001

6 Positive regulation of protein amino acid
phosphorylation 1934

1.86 < 0.001

7 JAK-STAT cascade 7259 1.81 0.00361
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GOTERM Annotation GOterm ID# Enrichment

NES p-value

8 Defense response 6952 1.80 < 0.001

9 Small GTPase mediated signal transduction 7264 1.78 < 0.001

10 Ras protein signal transduction 7265 1.77 0.00167

Negatively correlated with survival

1 Cell cycle process 22402 2.75 < 0.001

2 Cell cycle phase 22403 2.74 < 0.001

3 M phase 279 2.64 < 0.001

4 Mitotic cell cycle 278 2.60 < 0.001

5 DNA-dependent DNA replication 6261 2.59 < 0.001

6 Cell cycle checkpoint 75 2.47 < 0.001

7 Cell cycle 7049 2.46 < 0.001

8 Meiotic cell cycle 51321 2.45 < 0.001

9 Chromosome segregation 7059 2.41 < 0.001

10 Mitosis 7067 2.39 < 0.001

*
The top 10 enriched ontologies for positive and negative correlates of survival using DAVID and GSEA ranked according to p-value and NES,

respectively.

Abbreviations: DAVID, Database for Annotation, Visualization and Integrated Discovery; GSEA, Gene Set Enrichment Analysis; NES,
normalized enrichment score.
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Table IV

Multivariate survival model of Karnofsky/Lansky performance score and immune cell infiltration using Cox’s
proportional hazards regression analysis.

Model Variable Hazard
ratio

95% Confidence
interval

p-value

Karnofsky/Lansky performance and microglia/macrophage infiltration (AIF1)

Performance > mean 0.216 0.086-0.538 0.00101

AIF1 > 75 percentile 0.138 0.031-0.618 0.00963

Karnofsky/Lansky performance and helper T-cell infiltration (CD4)

Performance > mean 0.402 0.169-0.957 0.0394

CD4 > mean 0.202 0.026-1.59 0.1282

Karnofsky/Lansky performance and cytotoxic T-cell (CD8)

Performance > mean 0.317 0.132-0.762 0.0102

CD8 > mean 0.206 0.047-0.913 0.0375

Karnofsky/Lansky performance and combined immune (AIF1 > 75 percentile or CD4 > mean or
CD8 > mean)

Performance > mean 0.253 0.103-0.620 0.00268

Combined immune 0.183 0.0523-0.638 0.00772
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