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diminished in recurrent disease, and increased CD3 and 
CD8+ to regulatory T cell ratios showed a positive correla-
tion with survival outcomes in primary GBM. These results 
suggest that while absolute numbers of tumor infiltrating 
lymphocytes may not be informative for predicting clini-
cal outcomes in patients with GBM, the effective balance 
of CD3, CD4 and CD8+ T cells to immunosuppressive 
FoxP3+ regulatory cells may influence clinical outcomes 
in this patient population.
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GBM  Glioblastoma multiforme
H&E  Hematoxylin and eosin
IHC  Immunohistochemistry
PBMCs  Peripheral blood mononuclear cells
PPCv9  Positive pixel count v9
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TILs  Tumor infiltrating lymphocytes

Abstract Glioblastoma multiforme (GBM) is an aggres-
sive malignancy associated with profound host immuno-
suppression mediated in part by FoxP3 expressing regu-
latory CD4+ T lymphocytes (Tregs) that down-regulate 
anti-tumor immunity. In order to assess whether FoxP3 
was an independent driver differentially expressed in pri-
mary versus recurrent GBMs, we stained resected primary 
and recurrent GBM tumors for CD3, CD4, CD8 and FoxP3 
expression using standard immunohistochemistry. Slides 
were scanned with a high-resolution scanner (ScanScope 
CS; Aperio), and image analysis software (Aperio 
ScanScope) was used to enumerate lymphocyte subpopu-
lations allowing for high-throughput analysis and bypass-
ing manual selection bias. As shown in previous studies, 
enumeration of individual lymphocyte populations did not 
correlate with clinical outcomes in patients with GBM. 
However, the CD4+ to regulatory FoxP3+ T cell ratio was 
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Introduction

Glioblastoma multiforme (GBM), the most common adult 
primary brain tumor, is an aggressive infiltrative astrocy-
toma, invariably associated with poor patient outcomes 
necessitating innovative directed therapeutics [1]. Immu-
notherapy is a promising novel adjuvant treatment modal-
ity, with exquisite specificity and demonstrated efficacy in 
randomized phase III clinical trials that can potentially be 
harnessed against GBMs [2–6]. GBMs, however, are asso-
ciated with profound immunosuppression, limiting the util-
ity of immunotherapeutic modalities. We and others have 
shown that this profound immunosuppression is mediated, 
at least in part, through elevated proportions of regulatory 
T lymphocytes (Tregs) expressing FoxP3 in the peripheral 
blood that can down-regulate immune responses thereby 
inhibiting antitumor activity [7–13]. Leveraging tumor-spe-
cific immune responses in GBMs may hinge on overcom-
ing the milieu of a suppressive microenvironment. As such, 
a better understanding of type, frequency and function of 
tumor infiltrating lymphocytes (TILs) is paramount for lev-
eraging immunotherapeutic strategies against GBM. Tip-
ping the balance of TILs in favor of effector T cells mediat-
ing tumor lysis, while simultaneously depleting Tregs, may 
provide robust anti-tumor immunity that bypasses regula-
tory pathways.

Several studies have attempted to delineate the relation-
ship between effector and regulatory T cells as they relate 
to prognosis and survival [14–18]. In hepatocellular carci-
noma, melanoma, ovarian carcinoma and breast carcinoma, 
elevated levels of TILs have been associated with favora-
ble prognoses [18–21]. In malignant gliomas, the reported 
results have been mixed, suggesting that there is not a 
strong correlation between infiltrating lymphocytes and 
outcomes in this patient population [22–28]. Consequently, 
effector TILs that enhance anti-tumor activity may be sup-
pressed by Tregs expressing FoxP3 such that the ratio of 
these compartments in the intratumoral microenvironment 
may have stronger prognostic implications than a single 
T cell subset on the overall anti-tumor immune response 
[7–9]. We have shown that while patients with GBM have 
overall depleted lymphocyte numbers in the periphery, the 
proportion of FoxP3 expressing Tregs is elevated within 
PBMCs and these cells contribute significantly to the pro-
found systemic cell-mediated immune deficits observed in 
these patients [13, 29–31]. We therefore examined whether 
lymphocyte subset populations (CD4+, CD8+, FoxP3+) 
varied significantly between primary and recurrent GBMs 
and whether the ratio of CD3, CD4 and CD8+ T cells to 
regulatory T cell marker expression correlated with clini-
cal outcomes. To avoid evaluator dependent bias in both 
high power field selection for evaluation and cell counting, 
we used automated Aperio software analysis that allows 

for the accurate and expeditious detection of lymphocytic 
infiltrates from entire tissue sections taken from patho-
logic tumor specimens. Although FoxP3 expression alone 
was not differentially expressed, our results demonstrated 
reduced proportion of CD4+ T cells and lower CD4+/
FoxP3+ ratios within TILs in recurrent disease. Within 
primary GBM tumors, a higher CD3 and CD8+ to FoxP3 
regulatory T cell ratio showed a positive correlation with 
survival, suggesting that effector T cell to regulatory T cell 
ratios within the tumor microenvironment may be a driver 
of clinical outcomes in this patient population.

Materials and methods

De-identified archival GBM tissue samples were obtained 
under IRB approval from the Preston Robert Tisch Brain 
Tumor Center Biorepository. GBMs were selected from 
archived resected tumor blocks in cryogenic storage. Serial 
section slides from each tumor were fixed in formalin, 
embedded in paraffin and stained for CD3, CD4, CD8 or 
FoxP3 expression using standard immunohistochemistry 
(IHC) techniques. Tonsil sections were utilized to deter-
mine efficacy of each stain and overall technique.

Study population

The material consisted of representative formalin-fixed, 
paraffin-embedded glioblastoma sections taken from 39 
patients, 21 undergoing primary surgery for untreated 
GBM (primary group) and an additional 18 patients 
undergoing surgery for recurrent glioblastoma (recurrent 
group), all at Duke University Medical Center. The study 
population consisted of 33 males and 24 females with an 
age range from 26 to 79 years of age at the time of tumor 
resection or biopsy. The study population had an average 
age of 52 and was predominantly made up of individu-
als of Caucasian descent (n = 55) along with two indi-
viduals of African-American descent, one individual of 
Hispanic descent and one individual of Indian descent. 
Representative blocks of tissue were chosen by a neu-
ropathologist at Duke University to represent nearly 
100 % viable tumor in the selected block and over 1 cm2 
of tissue section by light microscopic examination of 
Hematoxylin and Eosin (H&E) stained sections. Serial 
unstained sections were cut from these blocks and sub-
mitted to IHC staining for FoxP3, CD3, CD4 and CD8 
lymphocyte subset analysis.

Immunohistochemistry

After staining for the T cell markers, slides were scanned 
with a high-resolution scanner (ScanScope CS; Aperio) 
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at 40× magnification and analyzed using image software 
(Aperio ScanScope). Pixel counts were gated to strongly 
positive pixel counts using the ScanScope software and 
the Positive Pixel Count v9 (PPCv9) algorithm embed-
ded in the program. Evaluation of T cell marker density 
was carried out blinded to clinicopathologic information. 
Serially stained sections of individual biopsies stained 
for the T cell markers of interest were examined by one 
observer using the multiple imaging modality of the soft-
ware to assure that identical regions of tumor were being 
examined. In order to determine the possibility that cell 
size in a histologic section could result in a variation of 
cell counts via a highly variable pixel count per cell, a 
manual count of individually stained cells identified on 
the monitor was performed on a randomly selected sub-
set of three tumor samples. For each stain within these 
samples, four loci of highest T cell density were identi-
fied and manually evaluated for positively stained cells. 
These same loci were evaluated using the PPCv9 algo-
rithm. The pixel counts and raw cell counts for each loci 
were entered into an excel file and evaluated for statisti-
cal relationship and concordance. We additionally config-
ured the PPCv9 algorithm to produce a hyperpigmented 
digital color overlay of each tissue area being analyzed to 
allow clear identification and pathological classification 
of each positively stained cell.

Once the chosen methodology was successfully evalu-
ated and the stained tumor slides were digitized, whole 
tissue area analysis was performed on each slide file using 
the positive pixel count v9 algorithm. Individual data from 
each slide were recorded and cataloged in an excel file for 
statistical analysis.

Minor scanning errors were detected and corrected in 
five slide files out of the total number of 156. The digital 
slide files were transferred to a high capacity storage vol-
ume for transport and convenient analysis.

Statistical analysis

Absolute counts were divided by surface area of each 
specimen to standardize measurements, and ratio of 
CD4, CD8 and FoxP3+ cells were measured over 
CD3+ cells. Analysis of these values was obtained 
using unpaired t tests with a significant result limited 
to p values of less than 0.05. Proportions of CD3, CD4 
and CD8+ cells over FoxP3 expressing cells were also 
measured using unpaired t tests with a significant result 
limited to p values of less than 0.05. Primary GBM sur-
vival association with CD3, CD4 and CD8+ to FoxP3 
expressing ratios were explored using a linear regression 
model.

Results

Study population

We analyzed 39 de-identified archival samples—21 from 
patients with primary GBM and 18 pathology samples 
from patients with recurrent disease. Only four patients 
were alive among those with primary disease at the time 
of this study, and only three were alive among those with 
recurrent disease.

Strong concordance between manual cell counting 
and Aperio software analysis of IHC specimens

We analyzed CD3, CD4, CD8 and FoxP3 detection 
from three different intratumoral pathology specimens via 
conventional cell counting and via the Aperio software 
analysis. Figure 1 shows a primary GBM IHC specimen 
stained for FoxP3 next to Aperio software analysis of the 
same specimen. Strongly positive pixel counts (shown in 
Fig. 1b as cells colored in red, with background stained 
in blue) represent the quantitative measure of detecting 
FoxP3+ cells by software analysis. Manual cell counting 
by a trained observer correlates well with Aperio software 
analysis of the identical sections as measured by strongly 
positive pixel counts with a correlation coefficient of 
0.9353 (p < 0.0001, Fig. 1d) on linear regression. Manual 
counting was limited to selected high-powered fields and 
subject to observer bias, while automated Aperio slide anal-
ysis indiscriminately scanned selected fields.

Strong concordance between FoxP3 expression 
alone and FoxP3+ CD4+ cells and FoxP3+ CD3+ 
cells and no concordance between FoxP3 expression 
and FoxP3+CD8+ cells

FoxP3 is not an exquisitely specific marker for regula-
tory T cells and can be transiently expressed in activated 
T effector cells. In order to determine whether FoxP3 
expression in TILs within GBM delineated CD4+FoxP3+ 
T cells or other cell populations, seven separate GBM 
samples were dual-stained for FoxP3 by CD3, CD4 or 
CD8. Concordance testing for FoxP3 expression versus 
FoxP3+CD4+, FoxP3+CD3+ and FoxP3+CD8+ cells 
demonstrates very strong correlations with FoxP3 expres-
sion and FoxP3+CD3+ and FoxP3+CD4+ cells (Supple-
mental Fig. 1a, b). There were no identified FoxP3+CD8+ 
lymphocytes and thus no correlation with FoxP3 and 
FoxP3+CD8+ cells or other FoxP3+ cell subsets (Sup-
plemental Fig. 1c). These data demonstrate strong con-
cordance between FoxP3 expression alone and double 
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staining for FoxP3 by CD4 and CD3 and support the utility 
of FoxP3 staining as a marker for CD4+FoxP3+ regula-
tory T cells within GBM tumors.

Primary GBMs have elevated proportions of CD4+/CD3+ 
cells

There is no significant difference between primary and 
recurrent GBMs when comparing absolute cell counts 
of CD4+ (Fig. 2a), CD8+ (Fig. 2b), and FoxP3+ cells 
(Fig. 2c) highlighting that the magnitude of TIL infiltra-
tion does not vary significantly upon tumor recurrence. 
However, the composition of the TIL infiltrates differed 
significantly, with recurrent tumors showing a significant 
decrease in proportion of CD4+ T cells (expressed as 
ratio of CD4+/CD3+ cells) (Fig. 2d) (p value = 0.0134). 
The proportion of CD8+ and FoxP3+ cells (expressed 
as ratio of CD8+/CD3+ cells and FoxP3+/CD3+ 
cells) among primary and recurrent GBMs did not sig-
nificantly differ (Fig. 2e; p value = 0.8649; Fig. 2f; p 
value = 0.2761).

Recurrent GBMs have higher proportions of  
FoxP3+/CD4+ cells

The CD4+ to FoxP3+ ratio is increased in primary GBM 
versus recurrent GBM (Fig. 3b; p value = 0.0137). There is 
no difference, however, among ratios of CD3+ and CD8+ 
cells over FoxP3+ cells (Fig. 3a; p value = 0.3960; Fig. 3c; 
p value = 0.5707) in primary versus recurrent disease.

Positive correlation between survival and CD3+/FoxP3+ 
and CD8+/FoxP3+ ratios in primary GBMs

Survival is increased (Fig. 4a) among primary GBM 
patients who have a higher CD3+ to FoxP3+ ratio (p 
value = 0.0005, correlation coefficient = 0.7091). More-
over, there is a significant positive correlation between 
survival and the CD8+ to FoxP3+ ratio in primary 
GBMs (Fig. 4c; p value = 0.0027, correlation coeffi-
cient = 0.6343). Survival is not increased (Fig. 4b) among 
primary GBM patients who have a higher CD4 to FoxP3+ 
ratio (p value = 0.1364, correlation coefficient = 0.3450).

Fig. 1  Aperio Analysis of 
GBM specimens stained for T 
cell markers by IHC. Primary 
GBM pathology specimen was 
stained for FoxP3 using stand-
ard IHC (a) and analyzed by 
Aperio (b) with images super-
imposed (c). FoxP3 expressing 
cells by IHC are quantified as 
strong positive pixels shown in 
red, while background is shown 
as blue (b). CD3, CD4, CD8 
or FoxP3 expressing cells were 
manually counted demonstrat-
ing strong positive concordance 
with Aperio quantification of 
IHC (d)
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Discussion

GBM remains invariably aggressive, but tumor-specific 
immunotherapy may mitigate disease invasion and ame-
liorate mortality. However, a better understanding of the 
tumor microenvironment, including the role of Tregs, 
is requisite to potentiate immunotherapeutic efficacy. 
CD4+FoxP3+ Tregs are essential for the active sup-
pression of autoimmunity and inhibition of anti-tumor 
immune responses [10, 26]. Increased FoxP3 express-
ing cells may potentially confer disease resistance in 
refractory cases suggesting that as a GBM recurs, there 
is greater immunotolerance resulting in a greater propor-
tion of FoxP3+ expressing Tregs. We sought to assess, in 
this pilot study, if FoxP3 expression differed significantly 
between primary and recurrent GBM tumors, and whether 
expression has an associated relationship with survival 

outcomes. While this study did not incorporate treatment 
history as part of the analysis, a strong relationship would 
implicate FoxP3 expression levels as a possible inde-
pendent prognostic indicator in this patient population. 
Although FoxP3 alone did not demonstrate significant dif-
ferences nor relationship with outcomes (consistent with 
previously published data), the CD4+ to FoxP3+ ratio 
was significantly diminished in recurrent cases. Moreo-
ver, survival in primary GBM was adversely affected by 
decreased proportions of CD3+ and CD8+ cells over 
Foxp3+ cells, suggesting that immunotolerance from 
increased proportion of FoxP3+ expressing T cells may 
exacerbate disease pathogenesis.

The use of the Aperio software to quantify IHC stain-
ing allowed for rapid analysis of multiple IHC specimens 
and correlates well with manual cell counting. Aperio 
ScanScope scanners are currently used in clinical practice 

Fig. 2  Absolute cell counts 
and cell count ratios in primary 
versus recurrent GBM. Primary 
and recurrent GBM pathology 
specimens were stained for 
CD3, CD4, CD8 and FoxP3+ 
markers and quantified using 
Aperio software. Absolute 
counts were divided by surface 
area of each specimen to stand-
ardize measurements, and the 
ratio of CD4, CD8 and FoxP3+ 
cells was measured over CD3+ 
cells. Absolute counts alone 
were not different between pri-
mary and recurrent GBM (a, b, 
c), but when expressed as per-
centage of T cell subsets over 
total CD3+ counts, recurrent 
GBMs had decreased propor-
tions of CD4+/CD3+ cells (d); 
however, CD8+ and FoxP3+ 
cells remained unchanged when 
expressed as a percentage over 
total CD3+ cells (e, f)
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by greater than two-thirds of the top 15 rated US hospi-
tals and two-thirds of the top 15 pharmaceutical compa-
nies [32, 33]. This high-throughput approach has several 
advantages over manual cell counting. Limitations, how-
ever, included scanning errors that occurred in roughly 

one out of 30 slides and can be circumvented through re-
scanning and re-analysis. Other limitations were second-
ary to decreased staining uptake by relevant T cells that 
went uncounted by Aperio, or conversely, over-counting 
secondary to increased staining uptake when quantified as 

Fig. 3  CD3, CD4 and CD8+ 
to FoxP3+ ratio in primary 
versus recurrent GBM. Primary 
and recurrent GBM pathology 
specimens were stained for 
CD3, CD4, CD8 and FoxP3 
markers and quantified using 
Aperio software. Ratios of CD3, 
CD4 and CD8+ cells were 
measured over FoxP3+ cells. 
There is a higher ratio of CD4/
FoxP3+ cells in primary versus 
recurrent GBMs (b) but no dif-
ference when comparing CD3/
FoxP3+ and CD8/FoxP3+ 
ratios (a and c)
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Fig. 4  Correlation of CD3, 
CD4 and CD8+ over FoxP3+ 
T cell ratios and survival in 
primary GBM. Primary GBM 
pathology specimens were 
stained for CD3, CD4, CD8 and 
FoxP3 markers and quantified 
using Aperio software. Survival 
(in days) of patients was plotted 
versus ratios of CD3, CD4 and 
CD8+ cells over FoxP3+ cells. 
Patients still alive at time of 
data analysis are represented by 
a clear circle. There is a positive 
correlation between survival and 
increased CD3+ to FoxP3+ 
ratios (a; R value = 0.7091) 
and CD8+ to Foxp3+ ratios (c; 
R value = 0.6343) but no cor-
relation between survival and 
CD4+ to FoxP3+ ratios (b; R 
value = 0.3450)
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strongly positive pixels. These limitations were less com-
mon and occurred in roughly one out of 80 slides, but when 
there was a flagrant discrepancy between the Aperio analy-
sis and manual counting, we removed the slides from the 
data. However, only two slides out of 156 analyzed slides 
were removed secondary to software inadequacy. In sum-
mary, the Aperio software is an innovative approach to ana-
lyzing scanned IHC specimens allowing for rapid real time 
analysis of multiple samples, and despite minor reading 
errors from poor IHC staining, remains a valuable, accurate 
and more practical approach than manual cell counting.

Although the results of this pilot study demonstrate 
the utility of a high-throughput analysis demonstrating 
differential expression of T cell regulatory ratios in pri-
mary versus recurrent GBM, these results are limited by 
small sample sizes with limited power for definitive sta-
tistical analysis thus requiring further validation to deter-
mine whether TIL ratio is independently prognostic. 
Furthermore, this study did not account for the presence 
and effect of peripheral Tregs or patient-specific prognos-
tic factors due to the use of de-identified tissues from a 
biorepository. This further complicates patient survival 
necessitating further tests to distinguish the relation-
ship between Tregs and outcomes accounting for loca-
tion, disease burden, partial versus gross total resections 
and response to chemotherapy. These factors could play a 
key role in prognosis and are currently being addressed in 
larger validation studies.

Several studies have attempted to understand the rela-
tionship of intratumoral Tregs as they pertain to glioma 
pathogenesis and patient outcome. These studies have 
demonstrated that FoxP3 is overexpressed in high grade 
compared to low-grade gliomas; however, among these 
high-grade tumors, correlation of FoxP3 expression with 
survival is nebulous [26, 34]. Heimberger et al. and Lohr 
et al. demonstrate no correlation with Tregs and survival, 
while Jacobs et al. and Yue et al. show modest and strong 
correlations, respectively, [25–28]. The studies by Heim-
berger et al. and Yue et al. utilized manual counting of 
selected high-powered fields, while Jacobs et al. utilized 
four color flow cytometry, and Lohr et al. utilized a novel 
computational analysis to analyze whole slides, which 
minimized errors associated with manual cell counting and 
incomplete slide analyses [25–28]. Similarly, our results 
using automated analysis of whole tissue sections demon-
strate concordance with Heimberger et al. and Lohr et al. 
since FoxP3 alone was not an independent driver of GBM 
pathogenesis and patient survival outcomes [25, 26]. Mean-
while, as one of the first studies comparing intratumoral 
TILs in primary versus recurrent GBM, our results give 
credence for utilizing regulatory T cell ratios as opposed to 
the absolute counts in order to stratify differential patient 
outcomes and disease subsets.

While increased FoxP3 expressing Treg ratios may be a 
poor predictor for survival, other immunosuppressive popu-
lations of cells such as CD8+FoxP3−CD103+ T cells, 
myeloid-derived suppressor cells and M2 macrophages 
may contribute to clinical outcomes in patients with GBM 
and more comprehensive analysis of the ratio of non-regu-
latory to regulatory populations of leukocytes is requisite 
[35–37]. Since Foxp3 is not an exhaustive marker of Tregs, 
and FoxP3 expressing T cells may have a more ubiquitous 
role than previously understood, additional analysis of Treg 
phenotype and function may prove informative [38–41]. 
Additional exhaustion markers such as LAG-3 and TIM-3 
alongside functional assessment of regulatory cytokine 
secretion such as IL-10 and TGF-beta should more clearly 
delineate Tregs [42]. Thus, the activation state of Tregs, 
rather than absolute numbers may be more informative in 
assessing the relative state of immunosuppression. These 
activation makers juxtaposed with FoxP3 co-staining may 
allow for further differentiation of tumors in order to dis-
cern the extent of Treg immunosuppression.

In summary, our results demonstrated that high-through-
put analysis of lymphocyte subsets in GBM using Aperio 
software analysis is practical and accurate. While FoxP3 
expression alone is not informative in distinguishing pri-
mary from recurrent GBM, or assessing survival outcomes, 
increases in T cell regulatory expression ratios are associ-
ated with tumor recurrence and decreased survival in pri-
mary cases. Although validation studies of our results in 
larger cohorts are paramount, these ratios may be used to 
pave the path for disease stratification and novel therapeu-
tics in patients with heavy intratumoral Treg burdens.
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