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RESEARCH PAPER

Epigenetic biomarkers of T-cells in human glioma

John K. Wiencke,"** William P. Accomando,?" Shichun Zheng,'" Joe Patoka,' Xiaoqin Dou,' Joanna J. Phillips,' George Hsuang,'
Brock C. Christensen,? E. Andres Houseman,?® Devin C. Koestler,® Paige Bracci,* Joseph L. Wiemels,* Margaret Wrensch,'
Heather H. Nelson® and Karl T. Kelsey*?

'Department of Neurological Surgery; University of California San Francisco; San Francisco, CA USA; ?Department of Pathology and Laboratory Medicine; Brown University;
Providence, Rl USA; *Department of Epidemiology; Brown University; Providence, Rl USA; “Department of Epidemiology & Biostatistics; University of California San Francisco;

San Francisco, CA USA; *Department of Epidemiology; University of Minnesota; Minneapolis, MN USA

These authors contributed equally to this work.
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Abbreviations: DMR, differentially methylated region; TIL, tumor infiltrating lymphocyte; TCR, T-cell receptor complex;
CpG, cytosine-guanine dinucleotide; EP, ependymoma; OD, oligodendroglioma; OA, Oligoastrocytoma; PA, pilocytic

astrocytoma; AS, astrocytoma; GBM, astrocytoma WHO grade IV, glioblastoma multiforme; IHC, immunohistochemistry;

Foxp3, forkhead box P3 transcription factor; Treg, CD4*CD25*Foxp3* regulatory T-cell;
gMSP, quantitative methylation specific polymerase chain reaction

Immune factors are thought to influence glioma risk and outcomes, but immune profiling studies to further our
understanding of the immune response are limited by current immunodiagnostic methods. We developed a new
assay to capture glioma immune biology based on quantitative methylation specific PCR (QMSP) of two T-cell genes
(CD3Z: T-cells, and FOXP3: Tregs). Flow cytometry of T-cells correlated well with the CD3Z demethylation assay (r = 0.93;
p < 2.2 x 107%), demonstrating the validity of the assay. Furthermore, there was a high correlation between gMSP and
immunohistochemistry (IHC) in quantifying tumor infiltrating T-cells (r = 0.85; p = 3.4 X 10™"). Applying our gMSP methods
to archival whole blood from 65 glioblastoma multiforme (GBM) cases and 94 non-diseased controls, GBM cases had
highly statistically significantly lower T-cells (p = 1.7 X 10) as well as Tregs (p = 5.2 X 10™) and a modestly lower ratio
of Tregs/T-cells (p = 0.024). Applying the methods to 120 excised glioma tumors, we observed that tumor infiltrating
CD3* T-cells were positively correlated with glioma tumor grade (p = 5.7 X 107), and that Tregs were enriched in tumors
compared with peripheral blood indicating active chemoattraction of suppressive Tregs into the tumor compartment.
Poorer patient survival was correlated with higher levels of tumor infiltrating T-cells (p = 0.01) and Tregs (p = 0.04).
DNA methylation based immunodiagnostics represent a new generation of powerful laboratory tools offering many
advantages over conventional methods that will facilitate large clinical epidemiologic studies and capitalize on stored

archival blood and tissue banks.

Introduction

Gliomas are a histologically diverse cancer with few established
risk factors and poor prognosis."* However, immune factors
are associated with increased glioma risk and are also thought
to play a role in patient outcomes.>® Peripheral immune defects
have long been documented in glioma. Patients with glioblas-
toma (GBM) exhibit the most dramatic abnormalities”® of T-cell
response associated with pronounced reductions in T-cell num-
bers in peripheral blood.” The absolute counts of suppressive
regulatory T-cells (Tregs), like other CD3* and CD4* cells, are
greatly reduced in the blood of GBM patients.’ It has been sug-
gested that despite low Treg counts, the ratio of Tregs to T-cells
is clinically relevant in immunosuppression. Yet to date there is
no validated method to quantify this ratio. The quantification
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of immunosuppression may also help in characterizing patient
tumors. An immunosuppressive environment in glioma is also
suggested by the accumulation of tumor infiltrating lymphocytes
(TILs) displaying markers of Tregs (i.e., cell membrane CD4 and
CD25 and intracellular staining of the FOXP3 protein). Using
these conventional markers investigators have reported that Tregs
are increased in high-grade GBM tissues but not in lower grade
tumors and are associated with the astrocytic compared with oli-
godendroglial or ependymal histologies.'*!!

The etiologic and prognostic significance of T-cell alterations
in glioma is unknown. In one study examining glioma tissues
and outcomes no association of Treg accumulation with survival
was observed'? whereas an adverse influence of Tregs on glioma
survival was reported in a second study.”” A potential issue in
these discordant results is the lack of robust markers of Tregs. For
example, while FOXP3 is a recognized essential differentiation
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marker for Tregs," it has been shown to be expressed transiently
within induced Tregs without a stable suppressive phenotype.’>
Recently, epigenetic markers involving the demethylation of the
FOXP3 gene have been determined to be the most specific marker
of stable Tregs."”?' When information on the FOXP3 differen-
tially methylated region (DMR) is combined with quantitative
methylation specific PCR (gMSP) it is possible to obtain highly
sensitive and accurate counts of Tregs in blood and tissues. Such
DNA-based methods to interrogate specific populations of T-cell
subsets are far less expensive than flow-cytometry and can be
applied to archival specimens. Recognizing that immune altera-
tions in human glioma affect not only Tregs but also the T-cell
compartment more generally, and potentially the balance of Tregs
to T-cells, we sought additional epigenetic markers for T-cells.

Because DMRs are implicated in many aspects of T-cell dif-
ferentiation,” we hypothesized that markers could be discovered
that would provide information on the overall T-cell compart-
ment. Here we developed such a DMR marker for T-cells that
can be used alone or in conjunction with the previously described
Treg DMR marker. We describe a quantitative assay for T-cells
based on the demethylation of the promoter of a component of
the T-cell receptor complex: CD3Z (CD247). We show the valid-
ity of CD3Z demethylation as a T-cell marker and illustrate its
application in patients with glioma that demonstrate the high dis-
criminating value of CD3Z demethylation in case-control com-
parisons, histopathological characterization of tumors and patient
prognosis.

Results

Cell-specific epigenetic biomarker development. The work-
flow for the developmental phase of this study is illustrated in
Figure S1. First, putative T cell-specific DMRs were identified
from Illumina Infinium HumanMethylation27 data for MACS
purified, normal human leukocyte subsets by applying a linear
mixed effects (LME) model with two fixed effect groups, T-cells
and non-T-cells (including B-cells, NK cells, monocytes and gran-
ulocytes) using a false discovery rate (FDR) adjusted g-value of
0.05 as a significance cutoff. Unsupervised, hierarchical clustering
of Infinium 3 values for the top 100 putative T cell-specific DMRs
confirmed immune cell-lineage specific patterns of DNA methyla-
tion for the loci (Fig. 1A). After integrating our DNA methylation
analysis with published data on human leukocyte subtype RNA
expression,? we selected putative T-cell specific DMRs with coor-
dinately altered gene expression as candidate gene regions whose
methylation signatures could serve as reliable epigenetic biomark-
ers of T-cells. Several components of the T-cell receptor (TCR)
complex were among these candidates, including CD3D, CD3E,
CD3G and CD3Z, all containing CpG loci that were demethylated
in T-cells but methylated in B-cells, monocytes, and granulocytes.
A CpG locus in CD3Z was demethylated in CD16*CD56%™ NK
cells, but methylated in CD16°CD56" NK cells. CpG loci in the
three other TCR subunits were methylated in all NK cell subtypes.
All four TCR subunits were significantly overexpressed in T-cells
compared with other leukocyte subtypes.?
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Our goal was to design a qMSP assay for the assessment of
T-cell levels; therefore we had to consider amenability of the can-
didate gene regions to QMSP. A CpG island near the promoter
of CD3Z that is immediately adjacent the Infinium microarray
probe was optimally suited for qMSP assay design, whereas the
other three TCR subunits did not contain suitable gene regions
near their Infinium microarray probes. MethyLight and bisulfite
pyrosequencing assays confirmed that DNA region in the CD3Z
promoter is demethylated in T-cells and CD16*CD56%™ NK
cells, but methylated in B-cells, monocytes, granulocytes and
CD16°CD56" NK cells (Fig. 1B; Fig. S2) and that a DNA
region in the FOXP3 first intron is demethylated in Tregs, but
methylated in all other leukocyte subtypes (Fig. 1B).

Next, we set out to estimate T-cell numbers in cell mixtures by
gMSP using the same primers and probe from the aforementioned
CD3Z MethyLight assay, which target the unmethylated form of
six CpG loci in the CD3Z promoter (Fig. 2A). We generated a
four-point calibration curve containing bisulfite converted DNA
from MACS purified T-cells combined with bisulfite converted
universal methylated DNA such that the total amount of DNA
was held constant at 10,000 copies (33 ng) for all four points, and
demonstrated log-linear PCR kinetics over a range of CD3* T-cell
DNA inputs corresponding to 10 to 10,000 genomic copies (r =
-0.99, p < 2.2 x 10%; Fig. 2B; Fig. S3A). Likewise, we set out to
estimate Treg numbers in cell mixtures by qMSP using the same
primers and probe from the aforementioned FOXP3 MethyLight
assay, which targets the unmethylated form of CpG loci in the
FOXP3 first intron. We generated a four-point calibration curve
using bisulfite converted DNA from MACS purified Tregs and
bisulfite converted universal methylated DNA such that the total
amount of DNA was held constant at 5,000 copies (16.5 ng) for
all four points and demonstrated log linear PCR kinetics over a
range of Treg DNA inputs corresponding to 5 to 5,000 genomic
copies (Fig. S3B). Taken together, these results indicate that the
qMSP assays are able to detect a few demethylated cells within a
background of many thousands of methylated cells.

In order to estimate the total amount of DNA per reaction
well, we used C-LESS qPCR primers and probe, which target
a genomic sequence that does not contain any cytosine residues
and therefore amplifies any human DNA regardless of its CpG
methylation status.** We generated a four-point standard curve
consisting of human genomic DNA (gDNA) log diluted in buf-
fer, and demonstrated log-linear PCR kinetics over a range of
gDNA inputs corresponding to 30 to 30,000 genomic copies
(Fig. S3C). For bisulfite converted samples, the resultant copy
number needed to be multiplied by two, since C-LESS primers
and probe hybridize to both strands of the non-bisulfite con-
verted gDNA but bisulfite converted samples allow for only sin-
gle strand hybridization during the first cycle. This allowed us to
determine the percentage of total DNA input that was demethyl-
ated at a cell-specific DMR by dividing the number of demethyl-
ated CD3Z or FOXP3 DNA copies (estimated by qMSP using
a T-cell or Treg calibration curve run on the same plate) by the
total number of DNA copies (estimated by C-LESS qPCR using
a gDNA standard curve).
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Figure 1. DNA methylation in MACS purified human leukocyte samples at immune cell-specific DMRs. (A) lllumina Infinium HumanMethylation27
data for top 100 putative T cell-specific DMRs identified from LME model. Beta values are scaled (zero centered) by gene locus. (B) MethyLight data for
FOXP3 and CD3Z gene regions illustrating immune lineage-specific DNA methylation patterns. MACS purified cell type abbreviations: B, B lympho-
cytes; Gran, granulocytes; Neut, neutrophils; Mono, monocytes; NK, CD56* natural killer cells; CD16+NK, CD16*CD569™ natural killer cells; CD16-NK,
CD16°CD561s" natural killer cells; NKT, CD3*CD56* natural killer T-cells; t, CD3* T lymphocytes; Tc, CD3*CD8* T lymphocytes (cytotoxic T-cells); Th,
CD3*CD4* T lymphocytes (helper T-cells); Treg, CD3*CD4*CD25*FOXP3* regulatory T-cells.
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Figure 2. CD3* T-cell detection by gMSP. (A) Schematic showing methylation specific primers and probe targeting six CpGs (lollipops) in a region of
the CD3Z gene identified as demethylated in CD3* T-cells. (B) Real time PCR Ct values decrease linearly with 10-fold increase in bisulfite converted
CD3* T-cell DNA concentration. Bisulfite converted universal methylated DNA was used to keep total amount of DNA in all samples constant. At least
five replicates of each sample are plotted. (C) Evaluation of CD3* T-cell level by flow cytometry is highly correlated with T-cell quantification by CD3Z
gMSP in whole blood specimens from glioma patients and healthy donors. (D) CD3* T-cell count by imunohistochemical staining correlates with T-cell
quantification by CD3Z gMSP in excised tumors across histological subtypes. Pearson correlations and F-test p values are shown in B-D.

Previous studies have validated the use of FOXP3 demethyl-
ation for the enumeration of Tregs in human blood and tissue.*
Seeking to validate CD3Z demethylation for the enumeration of
T-cells in human blood, we compared the results of our novel
CD3Z qMSP assay to conventional fluorescence activated cell
separation (FACS) measurement of T-cells in blood samples
from 46 healthy controls and 20 glioma patients and found a
high correlation (r = 0.93; p < 2.2 x 107'%; Fig. 2C). The uniform
regression and close correspondence of the two methods was
true for both glioma patients as well as healthy controls, thus
ensuring that the disease process itself and treatment exposures
did not influence the demethylation assay. In order to validate
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CD3Z demethylation for the quantification of T-cell infiltration
into tissue we compared the results of our novel CD3Z qMSP
assay to conventional immunohistochemistry (IHC) measure-
ment of T-cells in 36 formalin fixed, paraffin embedded (FFPE)
glioma tumors and found a significant association between the
two methods (r = 0.85; p = 3.4 x 10""; Fig. 2D). Most CD3*
tumor infiltrating lymphocytes (TILs) were CD8* and only a
few stained positively for CD4* (Fig. S4; data not shown). To
ensure that CD3Z and FOXP3 are not significantly demethyl-
ated in normal brain or glioma tissue, we subjected five glioma
cell lines (H4, A172, T98G, U138 and U87) and two glioma-
free brain autopsy samples to the CD3Z and FOXP3 qMSP
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Table 1. Summary of gMSP measurements for all samples (n = 285)

Sample description

Percent demethylation, median (range)

CD3zZ FOXP3 FOXP3/CD3Z
Bloods (n = 165) 17.6 (2.1-44.4) 0.8 (0.06-3.2) 4.5 (0.9-20.2)
Controls (n = 94) 21.7 (4.7-44.4) 1.0 (0.2-3.2) 4.8 (1.0-20.2)
Never smokers (n = 44) 19.3 (4.7-32.1) 1.0 (0.2-2.5) 4.8 (1.0-11.7)
Former smokers (n = 42) 22.4(8.8-43.4) 1.1(0.2-2.2) 4.4 (1.8-10.5)
Current smokers (n = 8) 23.4 (5.7-44.4) 1.6 (0.8-3.2) 7.4 (3.6-20.2)
Glioma cases (n =71) 11.2 (2.1-37.7) 0.5 (0.06-2.5) 4.1 (0.9-14.8)
Never smokers (n = 31) 11.3 (2.7-37.7) 0.5 (0.06-2.5) 3.8 (1.3-11.5)
Former smokers (n = 29) 12.7 (3.3-32.8) 0.5 (0.06-1.7) 4.1 (0.9-12.8)
Current smokers (n = 11) 9.6 (2.1-27.8) 0.5 (0.1-1.2) 5.1 (2.3-14.8)
Non-GBM (n = 6) 18.5 (3.5-26.6) 0.9 (0.2-1.6) 6.0 (3.8-7.1)
GBM (n = 65) 10.5 (2.1-37.7) 0.5 (0.06-2.5) 4.1 (0.9-14.8)
Excised tumors (n = 120) 0.5 (0.03-18.7) 0.03 (0-1.5) 5.1 (0-100)
Grades |, Il and Ill (n = 83) 0.3 (0.03-3.9) 0.02 (0-0.5) 3.4 (0-100)
Pilocytic astrocytoma (n = 2) 1.4 (1.0-1.9) 0 (0-0) 0 (0-0)
Ependymoma (n = 15) 0.5 (0.09-3.0) 0.03 (0-0.3) 3.4 (0-29.4)
Oligodendroglioma (n = 20) 0.2 (0.04-1.6) 0(0-0.2) 0 (0-57.3)
Oligoastrocytoma (n = 19) 0.25 (0.04-3.9) 0.05 (0-0.4) 10.5 (0-100)
Astrocytoma (n = 27) 0.3 (0.03-2.0) 0 (0-0.5) 0 (0-100)
Grade IV, GBM (n = 37) 1.1 (0.17-18.7) 0.08 (0-1.5) 7.8 (0-47.4)

assays (Table SIA and B). We also considered the potential
that glioma tissue displaying early neural features might ectopi-
cally express CD3Z, since it can be expressed in the rat during
early neuronal development.”” After comparing CD3Z expres-
sion among different gene expression classes of GBM within the
TCGA database, we found no significant expression of CD3Z
in any GBM tissue and no association with proneural expression
signature.

Assessment of peripheral blood T-cells and Tregs by qMSP
in glioma cases and controls. To explore the utility of the
epigenetic assays in archived frozen blood specimens we per-
formed a case control study of CD3Z and FOXP3 demethyl-
ation to measure T-cell and Treg levels, respectively, in stored
peripheral blood specimens from the AGS case-control study.
Results of QMSP assays are summarized in Table 1. The total
inputs of DNA from whole blood from the 94 controls and 71
glioma cases were not significantly different from each other.
In patients with grade IV glioblastoma multiforme (GBM),
peripheral blood T-cell levels were significantly lower (p = 1.7
x 107%; Fig. 3A), peripheral blood Treg levels were significantly
lower (p = 5.2 x 10"; Fig. 3B) and peripheral blood Treg/T-
cell ratios were moderately lower (p = 0.024; Fig. 3C) com-
pared with healthy controls. In all cases and controls, levels of
T-cells and Tregs were positively correlated (r = 0.61, p < 2.2
x 107°; data not shown). Neither current use of dexametha-
sone nor chemotherapy was associated with T-cell measures.
It should be noted that all GBM cases received steroid treat-
ments at some time prior to blood sampling. In healthy con-
trols, but not glioma patients, people who had ever smoked

tended to have higher peripheral blood T-cell levels than those
who had never smoked (p = 0.08, Fig. 4A) and current smok-
ers had significantly higher levels of peripheral blood Tregs
than former smokers (p = 0.01) and never smokers (p = 0.002;
Fig. 4B). Furthermore, the ratio of Tregs/T-cells was sig-
nificantly elevated in the peripheral blood of current smokers
compared with former smokers (p = 0.01) and never smokers
(p = 0.03) among healthy controls, and trended toward ele-
vated levels in current smokers compared with former smokers
(p = 0.17) and never smokers (p = 0.14; Fig. 4C).

We performed a logistic regression of T-cell values in GBM
cases compared with controls showing that cases were 5.6-fold
as likely to have T-cell counts in the lowest tertile of control
values (Table S2A). Likewise, a logistic regression of Treg val-
ues in GBM cases compared with controls indicated that cases
were 6.7-fold as likely to have Treg counts in the lowest tertile
of control values (Table S2B). This further illustrates glioma-
associated T-cell and Treg lymphopenia, as detected by epigen-
etic analysis.

Tumor infiltrating T-cells and Tregs by qMSP in excised
glioma tissue. The CD3Z and FOXP3 qMSP assays were used to
measure the levels of tumor infilcrating T-cells and Tregs, respec-
tively, in 120 fresh frozen glioma tumors from the UCSF Brain
Tumor Research Center tissue bank. Results of qMSP assays
are summarized in Table 1. There were significant associations
between increased glioma tumor grade and higher levels of both
T-cell (p = 5.7 x 107; Fig. 5A) and Treg (p = 0.00014; Fig. 5B)
tumor infilcrates. In grade IV glioma tumor tissues the median
level of Treg percentage of T-cells was higher than that of control
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bloods (Table 1), and higher than that of lower grade tumors
(Fig. 5C). However, these differences were not significant, due
largely to a number of unusually high outliers for the Treg/T-
cell ratio resulting from small numbers of T-cells in many of the
tissues. The qMSP results also indicated significant differences
between different glioma tumor histologies in the levels of T-cells
(p = 8.6 x 107; Fig. S5A), Tregs (p = 0.00011; Fig. S5B) and
Treg/T-cell ratios (p = 0.018; Fig. S5C). There were also associa-
tions between poorer patient survival and higher levels of tumor
infilerating T-cells (p = 0.014; Fig. S6A) and Tregs (p = 0.039;
Fig. S6B) measured by gMSP.
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Figure 3. T-cells and Tregs in the peripheral blood of glioma patients
and healthy donors. (A) Case control comparison of T-cells measured
via CD3Z demethylation assay. (B) Case control comparison of Tregs
measured via FOXP3 demethylation assay. (C) Case control compari-
son of Treg percent of T-cells determined by the ratio of FOXP3/CD3Z
demethylation. In each panel, the displayed p value is from a Wilcoxon
rank sum test between non-diseased control bloods and GBM patient
bloods. Each data point represents the average of all replicate qMSP
measurements for a single individual. Box plots superimposed on the
data points cover the 2nd and 3rd quartile range with a line drawn at
the median value, and whiskers that extend to the data point that is
no more than 1.5 times the length of the box away from the box. The
notches surrounding each median line extend to + 1.58 IQR/sqgrt(n),
such that if the notches from two boxplots do not overlap there is

strong evidence for a significant difference in the two medians.

Discussion

There is intense interest among glioma researchers in under-
standing the role of an altered immune response in both glioma
etiology as well as in how this information can be applied to
develop more effective therapies and prognostic indicators.
Epidemiological studies implicate atopic immune alterations in
glioma risk?®*’ whereas immune suppression and abnormalities
in T-cells in glioma patients may prevent antitumor immunity
and pose barriers to effective immunotherapeutic strategies.>*!
Profound peripheral and tumor immune abnormalities have
been recorded in previous studies of human glioma with the
most dramatic alterations observed in patients with high grade
GBM tumors. A highly immunosuppressive peripheral and
tumor microenvironment in GBM is hypothesized to render
the immune response ineffective. Peripheral lymphopenia
affecting all T-cells including Tregs has been noted although an
increased Treg compartment was observed in one study.*? Here
using our novel T-cell epigenetic assays we confirm significant
decreases in CD3* T-cells and Tregs in peripheral blood from
GBM patients. The copy numbers of demethylated CD3Z and
FOXP3, as a percent of total leukocyte copies, were reduced
about 2-fold in GBM patients, which was highly statistically
significant. We investigated current steroid use (dexametha-
sone), temozolomide and radiation exposures as possible factors
in these effects among cases but found no significant associa-
tions of any factor with these T-cell alterations. It is possible
that long-term suppression of T-cells explains these alterations
because almost all patients receive steroid or other immuno-
suppressive exposures at some time during their treatment.
Another possibility is that persons at risk for glioma have an
increased susceptibility to intrinsic or acquired alterations in
peripheral T-cells. Prospective studies would be required to
test this hypothesis. However, given the rarity of glioma such
studies are impractical. At the same time, the methods we have
developed that delineate T-cell subsets from DNA will enable
immune cell analyses using blood specimens that have been
archived in cohort populations with long-term glioma follow-
up data. Nested case control studies within large epidemiologic
cohorts are now feasible, allowing us, for the first time, to test
whether T-cell and Treg abnormalities precede the diagnosis of
glioma.
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Figure 4. Association between cigarette smoking and peripheral blood
T-cells and Tregs in glioma patients and healthy donors. (A) Comparison
of peripheral blood T-cell levels, determined by CD3Z demethylation,
among never, former and current cigarette smokers stratified by glioma
case status. (B) Comparison of peripheral blood Treg levels, determined
by FOXP3 demethylation, among never, former and current cigarette
smokers stratified by glioma case status. (C) Comparison of peripheral
blood Treg percent of T-cells, determined by ratio of FOXP3 to CD3Z
demethylation, among never, former and current cigarette smokers
stratified by glioma case status. In each panel the displayed p values are
from Wilcoxon rank sum tests between the two groups indicated. Each
data point represents the average of all replicate gqMSP measurements
for a single individual. Box plots superimposed on the data points cover
the 2nd and 3rd quartile range with a line drawn at the median value,
and whiskers that extend to 1.5 times the length of the box.

Also of great interest is the balance of suppressive Tregs to
total T-cells in peripheral blood, which has been reported to be
shifted toward greater suppression in GBM patients and other
types of cancer.?? A high ratio of Tregs/T-cells is hypothesized to
be an important feature of immunosuppression. Our data indi-
cated wide interindividual variation in the ratio of Tregs/T-cells
among both cases and controls. However, we did not observe a
greater Treg/T-cell ratio among GBM cases vs. controls; in fact
it was somewhat higher among control subjects. We also exam-
ined the ratio of Tregs/T-cells in association with cigarette smok-
ing. Although the numbers of smokers were small in our cases
and controls we observed an association of current smoking with
higher Treg/T-cell ratios and we know of no other study to exam-
ine smoking as a factor influencing FOXP3 positive blood Tregs.
There is strong evidence that cigarette smoke exposure leads to
the accumulation of Tregs in respiratory airways in mice** and
humans® as well as in the gut epithelium of exposed mice.’
Elevated blood Treg numbers may reflect the mobilization and
trafficking of Tregs into cigarette smoke exposed tissues. This
is biologically plausible given the fact that cigarette smoking is
associated with increases in the expression of the Treg chemoat-
tractants CCL2 and CCL22.>% In our study Treg/T-cell ratios
were higher in current smokers vs. former smokers, which are also
consistent with the kinetics of CCL2 decay following smoking
cessation.”® We have subsequently confirmed in an independent
population that current but not former cigarette smokers exhibit
higher Treg/T-cell ratios (Wiencke et al., unpublished obser-
vation). Our results illustrate the urgent need for larger, more
extensive examination of patient characteristics that affect Treg
levels; clearly those studies should include cigarette smoking.
Our development of new epigenetic methods will be useful in
promoting these types of studies. The use of DNA extracted from
archival blood samples, as opposed to fresh bloods samples, could
potentially be a limitation of our work. However, we observed a
very high correlation between conventional flow cytometric mea-
surements of T-cells using fresh blood samples and CD3Z qMSP
assessment of T-cell levels using DNA extracted from the same
blood samples after storage, hereby validating the application of
the epigenetic assay in archival samples. Furthermore, all of the
gMSP results indicate the level of T-cells or Tregs relative to the
total amount of leukocyte DNA, or as the ratio of Tregs relative
to T-cells, and not as absolute counts of the cell types. Thus, for
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sample storage to lead to measurement bias there would have to
be selective degradation of DNA from certain cell types and not
the others, leading to altered relative levels of the different cell
types. This is an unlikely scenario that is not supported by the
current literature.

Suppressive Treg infiltration into glioma tissues has been
invoked as one mechanism for circumventing immune anti-tumor
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Figure 5. Levels of T-cell and Treg infiltrates in excised glioma tissue.
(A) T-cell levels, determined by CD3Z demethylation, in solid glioma
samples stratified by tumor grade. (B) Treg levels, determined by FOXP3
demethylation, in solid glioma samples stratified by tumor grade.

(C) Treg percent of T-cells, determined by ratio of FOXP3 to CD3Z de-
methylation, in solid glioma samples stratified by tumor grade. In each
panel the displayed p value is from a Wilcoxon rank sum test between
lower grade tumors (grades |, Il and Ill) and grade IV tumors. Each data
point represents the average of all replicate gMSP measurements for a
single individual. Box plots superimposed on the data points cover the
2nd and 3rd quartile range with a line drawn at the median value, and
whiskers that extend to 1.5 times the length of the box.

reactions. Similar to many types of cancer CD4* T helper cells
and Tregs have been shown to infiltrate the human glioma tumor
microenvironment.”’ In glioma studies using IHC to quantify
T-cells in FFPE preparations CD4* T-cell numbers were reported
to increase with tumor grade, whereas CD8* T-cells appear in
equal frequencies across glioma grades.!” Our studies indicate
increased CD3Z demethylated cells according to grade; our cor-
ollary IHC analysis indicated that mostly these cells were CD8*
T-cells with very few CD4* T-cells. We also report that ependy-
mal tumor cells and some significant fraction of grade I OD and
AS tumors contain significant numbers of T-cells and Tregs. As
progression of lower grade to higher grade brain tumors is a com-
mon and serious clinical problem our results suggest that epigen-
etic analyses might be useful for characterizing low grade OD
and AS tumors as well as EP. Previous studies using IHC detec-
tion of glioma infiltrating lymphocytes showed that the numbers
of infiltrating T-cells and the ratio of Treg/T-cells is positively
10-12,41 Sug_
gesting that both Tregs and overall T-cells accumulated propor-

correlated with histopathological grade of the tumor,

tionately with grade. Furthermore, previous studies using FACS
have indicated that the ratio of Tregs/T-cells in glioma tumor
tissue is increased in comparison to blood.** Our analysis using
gMSP corroborates all of these findings, supporting the hypoth-
esis that there is a specific accumulation of Tregs in human brain
tumors. The survival data indicated significant associations of
immune parameters with patient survival. Increased accumu-
lation of Tregs was associated with poorer survival. Additional
studies are necessary to determine what, if any, prognostic value
there is for epigenetic detection of immune cells in brain tumors.
Our studies show the feasibility of combining peripheral blood
and tumor immune studies using epigenetic analysis of immune
cell-specific genes.

With respect to blood, there is one Treg study that specifi-
cally compared Tregs in 8 GBM cases to 6 control subjects’ and
another study that compared Tregs in 10 GBM cases to intraop-
erative acquired blood from 6 seizure patients undergoing sur-
gery.!” In contrast, we studied 65 GBM bloods and 94 frequency
matched controls. While very important papers, the previous two
reports are not extensive surveys and importantly each identified
substantial interindividual variation in T-cell values. In fact, Fecci
et al. showed that 3 out of 8 of their GBM cases showed normal
Treg/T-cell ratios, thus there was overlap of normal within the
case group, and they concluded that further work on the CD4*
lymphopenia is a logical direction for future research.” Our work
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adds to the current hypotheses on glioma immunosuppression
and takes a more population level (or epidemiological) approach
to the issue. With respect to tumor T-cell infiltrates in glioma
tissue, our results are consistent with the published literature in
several significant ways. Similar to previous reports, we found
that T-cell and Treg infiltrates in tumor tissue increase with gli-
oma grade,'™® that the fraction of Tregs/T-cells was increased
in glioma tissues compared with blood implicating an active
infiltration and accumulation in tumor tissue, and we found that
CD8 cells represent about 60% of the T-cells in GBM tissues
compared with 77%* or 40%% in previous studies. Hussain et
al. reported that CD8 cells were about 30% of identified T-cells
but their study acknowledge significant problems with autofluo-
rescence in their flow analysis making the identification of CD4
cells problematic.”” Our data also indicate that Tregs are a small
fraction of T-cells in glioma tissue, in agreement with 2 other
studies using flow'® or quantitative IHC** to assess immune cell
levels. All studies published to date cite wide individual variation
in T-cell levels. Thus, our tumor studies are fully consistent with
the main conclusions in the literature and within the range of
results that might be expected.

Potential limitations of the epigenetic assay of T-cells by CD3Z
demethylation include the possibility that disease processes may
influence the expression of CD3Z in T-cells. Indeed the TCR
complex in patients with several types of cancer has been shown
to be altered in T-cells appearing in peripheral blood as well as
among T-cells infiltrating the tumor microenvironment; low or
even absent expression of CD3Z in T-cells has been reported in
a variety of solid tumors.”® However, recent experiments have
shown that the downregulation of CD3Z in pathologic condi-
tions is a posttranslational effect on CD3Z proteins that is medi-
ated by the upregulation of lysosomal or proteasomal degradation
pathways. Normal levels of CD3Z mRNA are observed in the
TILs with reduced CD3Z protein levels.“* Recent studies in
T-cells from SLE patients reported an mTOR dependent lyso-
somal degradation mechanism leading to reduced CD3Z levels.*®
Also our observation of a close linear relationship between flow
cytometry of CD3* T-cells and CD3Z demethylation that was
identical among glioma cases and controls argues against a pos-
sible cancer related effect on CD3Z demethylation. A second
potential issue concerning the validity of CD3Z demethylation
as a CD3* T-cell marker in cancer tissues is that DNA demeth-
ylation may take place in transformed cells and thus “mimic”
a lymphocyte signal. To address this we assessed CD3Z and
FOXP3 demethylation in brain tumor cells lines and in human
GBM xenografts, which cannot contain human T-cells. All these
samples contained non-detectable levels of CD3Z or FOXP3
demethylation. Normal brain tissue was also uniformly devoid
of T-cell signals, which is consistent with the specificity of gMSP
in tumor as reflecting infiltration of immune cells. Our analysis
of the TCGA database revealed that CD3Z expression has no
correlation with gene expression subtypes within GBM, mak-
ing it unlikely that CD3Z is a biased marker for T-cell infiltra-
tion in GBM. Finally, we recognize that some subtypes of NK
cells (CD569™CD16") utilize CD3Z in NK receptor signal-
ing.* We estimate that the contribution of CD3Z expressing and
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Table 2. Demographic characteristics of donors for all samples (n = 285)
used in qMSP experiments

Control Case Excised
Characteristic bloods bloods tumors
(n =94) (n=71) (n=120)
Age
Median (range) 57 (22-87) 57 (20-86) 41 (1-78)
Mean (standard deviation) 55 (16.5) 56 (13) 41 (15)
Gender, no (%)
Female 43 (46%) 26 (36%) 42 (35%)
Male 51 (54%) 45 (64%) 78 (65%)
Race, no (%)
White, Non-Hispanic 78 (83%) 67 (95%) 102 (85%)
Hispanic 3 (3%) 3 (4%) 7 (6%)
Asian 6 (7%) 0 (0%) 4 (3%)
Black 5 (6%) 0 (0%) 0 (0%)
Other 1 (1%) 1 (1%) 7 (6%)

demethylated NK cells to the overall CD3Z demethylated signal
in peripheral white blood cells is very small. Furthermore, NK
cells have not been observed in glioma tissues. While it is impor-
tant to recognize the limitations in using CD3Z demethylation
as a specific marker of T-cells, this limitation is also shared by
approaches that would target CD3E demethylation or the current
methods using conventional cell surface or cytoplasmic expres-
sion of TCR proteins.

In conclusion, the fundamental innovation in our epigenetic
analyses is to suggest a shift in immunodiagnostics away from
proteomic-based approaches to one that is based on quantifying
cell type specific DNA methylation events. This new approach
produces gains in versatility, sensitivity, feasibility and through-
put compared with conventional flow cytometry or IHC and at a
lower cost. At the heart of this approach is the high chemical sta-
bility of cytosine methylation marks within genomic DNA and
the fact that differentiation within the immune system is tightly
linked with gene specific DNA methylation events. The method
combines the intrinsic and profound chemical stability of DNA
with the tremendous sensitivity of qPCR methods. Automation
and liquid robotic handling in processing and analysis add fur-
ther to the power of the methodology and should open avenues
for investigations in the immunoepidemiology of glioma and
many other diseases.

Materials and Methods

Patient characteristics and biological samples. Whole blood
samples from glioma patients (n = 94) and controls (n = 71) were
obtained from the UCSF San Francisco Adult Glioma Study
(AGS) for these experiments (Table 2). The UCSF Committee
for Human Research approved methods for subject recruit-
ment and follow-up for survival; all subjects provided signed
informed consent. Individual hospital institutional review
boards also approved methods for medical record abstraction
when appropriate. The patients included in this present study
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were newly diagnosed between 1997 and 2011. Details of subject
ascertainment through the San Francisco regional population-
based registry’s rapid case ascertainment program or the UCSF
Neuro-oncology Clinic have been previously described.”*>
Pertinent data for this analysis included age at histological diag-
nosis, gender, vital status, and survival time between diagnosis
date and date of death for those deceased or between diagnosis
date and date of last contact for those alive as well as cigarette
smoking history and exposure to steroids, chemotherapy and/
or radiation therapy.

A panel of 120 fresh frozen glioma tumors from the UCSF
Brain Tumor Research Center tissue bank, obtained under appro-
priate institutional review board approval, which were previously

characterized for molecular features’®** was chosen for tumor

gMSP and THC studies (Table 2). Tumor samples were defined
as secondary GBM if the patients had prior histological diagnosis
of a low-grade glioma. All ages are given at the time of surgery,
which occurred at UCSF between 1990 and 2003. This tumor
set contained the following histological subtypes: 2 pilocytic
astrocytomas (PA), 15 ependymomas WHO grade IT (EPII), 20
oligodendrogliomas WHO grade II (ODII), 16 oligoastroglio-
mas WHO grade II (OAII), 3 oligoastrogliomas WHO grade III
(OAIII), 23 astrocytomas WHO grade IT (ASII), 4 astrocytomas
WHO grade IIT (ASIII) and 37 astrocytomas WHO grade 1V,
commonly called glioblastoma multiforme (GBM), 10 of which
were recurrent and 5 of which were secondary.

Sorted, normal, human, peripheral blood leukocyte subtypes
were isolated from different non-diseased individuals’ whole
blood by magnetic activated cell sorting (MACS) using a combi-
nation of negative and positive selection with highly specific cell
surface antibodies conjugated to magnetic beads. The purity of
separated cells was confirmed with flow cytometry to be > 97%.

DNA extraction and sodium bisulfite conversion. Genomic
DNA was extracted and purified from whole blood, fresh frozen
tumor tissues, or MACS sorted leukocytes with AllPrep DNA/
RNA/Protein Mini Kit according to manufacturer’s proto-
col (QIAGEN, Cat. No. 8004), then quantified by NanoDrop
ND-1000  Spectrophotometer ~ (NanoDrop  Technologies,
Inc.) and stored at -20°C. Prior to methylation analysis, DNA
was treated with sodium bisulfite using ZYMO EZ-96 DNA
Methylation Kit (ZYMO Research Corp., Cat. No. D5004), and
stored at -80°C until needed.

DNA  methylation  microarray. ~ The  Infinium®
HumanMethylation27 Beadchip Microarray (Illumina Inc.)
quantifies the methylation status of 27,578 CpG loci from 14,495
genes, with a redundancy of 15-18-fold. The ratio of fluorescent
signals was computed from both alleles using the following equa-
tion: B = [max(M,0)]/(JU| + |[M]) + 100. The resultant B-value
is a continuous variable ranging from 0 (unmethylated) to 1
(completely methylated) that represents the methylation at each
CpG site and is used in subsequent statistical analyses. Data were
assembled with the methylation module of GenomeStudio soft-
ware (Illumina, Inc.).”

Bisulfite pyrosequencing. Pyrosequencing assays to con-
firm microarray results were designed using Pyromark Assay
Design 2.0 (Qiagen Inc.), and performed on a Pyromark
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MD pyrosequencer running Pyromark qCpG 1.1.11 software
(Qiagen Inc.). Oligonucleotide primers were obtained from Life
Technologies™.

MethyLight and gMSP. Primers and TagMan major grove
binding (MGB) probes with 5' 6-FAM and 3' non-fluores-
cent quencher (NFQ) as well as TagMan® 1000 RXN Gold
with Buffer A Pack were obtained from Life Technologies™.
Oligonucleotide sequences are shown in Table S3. Solutions and
conditions for real-time PCR reactions were as described previ-
ously” with some modifications. 10x TagMan® Stabilizer con-
taining 0.1% Tween-20, 0.5% gelatin was prepared weekly. Each
reaction of 20 wl contained 5 pwl DNA, 11.9 ul preMix, 3 ul
oligoMix, and 0.1 pl Tag DNA polymerase. Cycling was per-
formed using a 7900HT Fast Real-Time PCR System (Applied
Biosystems); 50 cycles at 95°C for 15 sec and 60°C for 1 min
after 10 min at 95°C preheat. All samples were run in triplicate
using the absolute quantification method. The gDNA used to
create a four-point standard curve for quantification of bisulfite
converted DNA by C-LESS qPCR was extracted from whole
blood and quantified by NanoDrop. A conversion factor of
3.3 pg DNA per genomic copy was implemented because one
diploid human cell contains 6.6 pg of DNA. To confirm array
results, MethyLight assays were performed using EpiTect PCR
control DNA (Qiagen Inc., cat no. 59695) as methylated and/
or unmethylated reference(s). CpGenome Universal Methylated
DNA (Millipore Corp., Cat. No. §7821), MACS purified T-cell
and MACS purified Treg DNA were bisulfite converted at the
same time, and then quantified by C-LESS qPCR at the same
time, prior to being used to generate four-point T-cell and
Treg calibration curves for the CD3Z and FOXP3 qMSP assays
respectively.

Flow cytometry of blood lymphocytes in whole blood.
Venous whole blood samples were collected in citrate EDTA and
processed using a lysis no wash protocol (Invitrogen, Cat. No.
GAS-010). Cells were labeled by direct staining with the appro-
priate fluorochrome-conjugated antibodies (eBioscience Inc.),
and incubated for 20 min in the dark at 4°C; CD3-fluorescein
isothiocyanate (FITC, Cat. No. 11-0038-41), anti-CD4-allo-
phycocyanin (APC, Cat. No. 17-0048-41), anti-CD8-phycoery-
thrin (PE, Cat. No. 12-0086-41), and anti-CD45-PerCP-Cy5.5
(Cat. No. 45-0459-41). Isotype control mAbs were used as
negative controls. Accucheck counting beads (Invitrogen, Cat.
No. PCB100) were used for quantifying leukocyte numbers.
Acquisition was performed within 48 h of blood draw on a
FACScalibur flow cytometer using Cell-Quest Software (Becton
Dickinson). For CD3* cells a minimum of 10,000 events were
collected on the lymphocyte gate that was set on the forward
scatter vs. side scatter (FSC vs. SSC) and then gated on CD3*
cells. For CD45* counts we first gated on all non-bead events
using the FSC vs. SSC. We then created a CD45* histogram
plot of the non-bead events, and gated on CD45" cells. Examples
can be seen in Figure S7. Absolute counts (number cells per pl)
were obtained by taking the number of cells counted, divided
by total number of beads counted, and multiplied by the known
concentration of beads. Flowjo software (TreeStar Inc.) was used
for data analysis.
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Tumor immunohistochemistry (IHC) and tumor infiltrat-
ing lymphocytes (TIL). Slides were prepared from a 5 micron
slice of each FFPE tumor block. Slides were stained using a
Benchmark XT instrument per manufacturer’s instructions
(Ventana). CD3 antibody (Dako, Cat. No. A0452) was added
in a 1:600 dilution, and incubated for 30 min. CD8 antibody
(Dako, Cat. No. M7103) was added in a 1:200 dilution and
incubated for 60 min. CD4 antibody (Leica Microsystems, Cat.
No. NCL-L-CD4-368) was added in a 1:50 dilution, and incu-
bated for 2 h. Slides were counterstained with hematoxylin. Each
slide was scanned to identify four areas with the greatest num-
ber of positive cells (100x magnification). Within each of these
four areas the number of immunopositive cells was enumer-
ated in a single field at a magnification of 250x. This selection
was done blinded to the CD3Z and FOXP3 methylation status
of a tumor specimen. Representative examples can be seen in
Figure S2. The mean number of positive cells per field per tumor
was calculated (n = 4 per tumor). A photomicrograph was taken
and scored for specimens with very high cell counts to increase
accuracy. We also recorded whether the sample contained pre-
dominate perivascular and/or parenchymal infiltrates. The scores
of the two readers (J.P. and G.H.) were compared to ensure uni-
form interpretation.

Statistical methods. A linear mixed effects (LME) model was
applied to the Illumina Infinium® HumanMethylation27 data
using SAS (SAS Institute Inc.). Cell type was designated as the
fixed effect while beadchip plate was the random effect. For this
study, the fixed effect groups were T-cells and non-T cells, which
included NK cells, B-lymphocytes, granulocytes and monocytes.
This generated coefficients that estimated differential methyla-
tion such that, for any particular locus, a negative coefficient
indicated less methylation in T-cells than in the other cell types.
Subsequent statistical analyses were performed in R (www.r-proj-
ect.org). The LME model generated p values that we adjusted for
multiple comparisons using the “qvalue” package. Generalized

linear models and F-tests were performed to determine log linear
PCR kinetics for T-cell and Treg calibration curves, as well as
for C-LESS standard curves. To test for univariate associations
between continuous gMSP measurements and discrete variables,
Wilcoxon rank sum tests (for dichotomous variables, such as case
status) and Kruskal-Wallis one-way analysis of variance tests were
used employed. To test for univariate associations between con-
tinuous qMSP measurements and other continuous variables, we
performed linear regression, calculated Pearson product-moment
correlations and performed F-tests. Multivariate logistic regres-
sion analyses were performed using the “glm” function with fam-
ily set to binary. Kalpain-Meier plots and log-rank p values for
survival analyses were generated using the “survival” package.
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