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Quantitating the copy number of demethylated CpG promoter sites of the CD3Z gene can be used to estimate the
numbers and proportions of T cells in human blood and tissue. Quantitative methylation specific PCR (qPCR) is useful
for studying T cells but requires extensive calibration and is imprecise at low copy numbers. Here we compared the
performance of a new digital PCR platform (droplet digital PCR or ddPCR) to qPCR using bisulfite converted DNA from
157 blood specimens obtained from ambulatory care controls and patients with primary glioma. We compared both
ddPCR and qPCR with conventional flow cytometry (FACS) evaluation of CD3 positive T cells. Repeated measures on the
same blood sample revealed ddPCR to be less variable than qPCR. Both qPCR and ddPCR correlated significantly with
FACS evaluation of peripheral blood CD3 counts and CD3/total leukocyte values. However, statistical measures of
agreement showed that linear concordance was stronger for ddPCR than for qPCR and the absolute values were closer
to FACS for ddPCR. Both qPCR and ddPCR could distinguish clinically significant differences in T cell proportions and
performed similarly to FACS. Given the higher precision, greater accuracy, and technical simplicity of ddPCR, this
approach appears to be a superior DNA methylation based method than conventional qPCR for the assessment of T
cells.

Introduction

The DNA methylation status of specific CpG dinucleotides
provide markers of cell differentiation in diverse types of mam-
malian cells,1 including those of the haematopoietic system.2,3

Our earlier experiments showed that cell lineage-specific differen-
tially methylated regions (DMRs) distinguish normal human leu-
kocyte subsets and can be used to detect and quantify these
subsets in peripheral blood.4-6 Methylation based detection of
immune cells can be applied to many cohorts of archival blood
samples that would otherwise be useless for immune cell enumer-
ation by conventional FACS analyses. 2 types of assays character-
ize immune subsets using DNA methylation: one is based on
single-gene DNA methylation events quantified by methylation
specific (MS) real time PCR,5,7 hereafter referred to as qPCR. A
second assay uses off-the-shelf or custom DNA methylation
microarrays and captures many cell type DMRs simulta-
neously.6,8-10 Both methods rely on the bisulfite conversion

reaction that converts cytosine residues in DNA to thymidine in
a subsequent PCR amplification step, except for those cytosines
that are methylated. Methylated cytosine residues are resistant to
the conversion, thus providing a biochemical distinction between
methylated and non-methylated cytosine residues. In the most
widely studied example of the single-gene approach, the copy
number of demethylated FOXP3 gene estimates the frequency of
human T regulatory cells in blood or tissues.7,11 The advantage
of single-gene based assays is their potential sensitivity compared
with the current generation of array based methods. DMR targets
in CpG sites within the promoter of the CD3Z gene estimate
total T cells.5 The CD3Z protein is a specific T cell lineage
marker and associates with the T cell receptor and functions to
generate activation signals in T lymphocytes. In T cells, the
CD3Z gene promoter is demethylated, but this promoter is
densely methylated in other immune cell subsets. Methylation
specific primers and probes are then designed to hybridize only
with the unmethylated version of the promoter and the copies of
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demethylated CD3Z are quantitated. Each cell contains 2 copies
of the gene and, thus, 2 unmethylated copies of CD3Z corre-
spond to a single T cell. We control for the total input of methyl-
ated and demethylated DNA by using a gene reference target that
is insensitive to CpG methylation status (referred to as the C-less
reaction).37,38

An important application of this approach is in oncology
patients who demonstrate T cell defects. It has also been recog-
nized for many years that glioma patients, and particularly Stage
IV glioblastoma (GBM) patients, show peripheral immune
defects affecting T cells.12,13 T cell counts in glioma patients are
reduced and T-cell function is also suppressed, with impaired
proliferation in response to IL2 and nonspecific mitogens.14 A
study of patients with high-grade gliomas (grades III and IV)
treated with radiation and temozolomide showed that after 2
months of treatment about 40% of patients had CD4 T cell
counts less than 200 cells/uL. Such low CD4 counts are associ-
ated with high risk for opportunistic infections; in contrast, levels
of 500–1500 cells/uL are considered normal. These patients con-
tinued to have low T cell counts for the full year of follow-up
and exhibited early mortality from tumor progression.15 Other
studies also have reported that low T cell counts were associated
with poorer glioma survival times.16,17 More generally, T cell
lymphopenia has been shown to be a grave prognostic indicator
in multiple types of cancers.18-23

Recently, digital PCR platforms have been developed that
offer advantages over real time qPCR including the capability to
obtain absolute quantification without external references and to
be highly robust to variations in PCR efficiency, thus improving
assay precision.25-27 Digital PCR is based on limiting dilution of
a sample into a large number of separate PCR reactions. With
sufficient dilutions, many reactions will not contain a template
DNA and the number of positive reactions allows for template
quantification using Poisson statistics without requiring a stan-
dard curve.28 Investigators have compared the performance of
digital and real time PCR for conventional DNA templates; how-
ever, there is little information on the suitability of digital PCR
for methylation specific PCR that involves single strand amplifi-
cation of bisulfite treated DNA.29 Here, we compare ddPCR and
real time qPCR in assessing the CD3Z pan T cell marker in
whole blood from glioma patients and controls who we also stud-
ied using FACS analyses. Using FACS derived T cell counts as a
gold standard we found that the ddPCR assay of CD3Z demeth-
ylation displays improved reproducibility and less bias in reflect-
ing FACS measured T cells compared with real time qPCR.

Results and Discussion

Blood samples were collected from 38 glioma patients and
119 non-glioma control subjects, with T cell estimates deter-
mined using each of the 3 methods (Supplementary Table 1). As
the aims of the study were to compare the performance of the 2
methylation assays directly to the FACS gold standard, all partici-
pants with non-missing data were included. Ten non-glioma
controls and 2 case subjects reported a history of HIV infection.

The resultant study group displayed a wide range of T cell
numbers.

Serial dilution of purified bisulfite converted T cell DNA
measured with ddPCR and real time qPCR revealed highly linear
relationships between DNA input and cell copies as indicated by
the numbers of demethylated CD3Z copies (Supplementary
Fig. 1). We observed no positive droplets (total droplets counted D
120,000) in the 9 non template control wells. The false positive
rate for wells using the CD3Z assay is extremely low and consis-
tent with a background of 0.1 to 0.4 false positive events per non
template control as reported using non-bisulfite treated DNA
templates.30-32 By contrast, T cell lymphopenia (<200 CD3/uL)
is associated with approximately 400–700 positive droplets using
our protocol; thus, the ddPCR provides ample sensitivity for
applications in clinically relevant settings. The results of T cell
proportions were highly correlated between the 2 assays (Fig. 1;
R2 D 0.75). Repeated measures (N D 19) of CD3Z demethyla-
tion were performed on samples from a single individual. The
coefficient of variations (%CV) for repeated measures was nearly
7-fold lower using ddPCR (3.5% CV) compared with real time
qPCR (25% CV). Dramatic reductions in day-to-day reproduc-
ibility (by a factor of seven) were also reported in comparing
ddPCR and qPCR for assay of serummicroRNA quantitation.33

Ultimately, the validity of methylation assays of immune cells
is determined by comparison with gold standard assays such as
FACS. Figure 2 compares the mean T cell proportions deter-
mined by FACS, ddPCR, and qPCR. The methylation based
assays revealed consistently higher means in the sample popula-
tion, qPCR had 18% higher T cell/total leukocytes and ddPCR
had 5% higher T cell/total leukocytes. To examine the nature of
these differences we analyzed individual T cell measurements for
ddPCR and qPCR compared with FACS results. Figure 3 shows
the Bland-Altman plots depicting the methylation results
(X-axis) and the difference between the methylation result and
the gold standard FACS result (Y-axis). This analysis revealed
that the systematically higher T cell values for methylation assays

Figure 1. Scatter plot with fitted linear regression line of T cell propor-
tions measured by ddPCR (Y-axis) and qPCR (X-axis) in all samples.
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were consistent across the levels of T cell values for ddPCR (i.e.,
constant around 5%) but varied for qPCR with an apparent
increasing divergence of methylation results compared with
FACS at the higher values of T cells in the blood samples. Thus,
the qPCR technique showed an apparent bias in its estimation of
T cells that varied with T cell level, whereas ddPCR, while
slightly higher, was consistent across T cell inputs. The validity
of the assumption of a linear association between T cell propor-
tions measured by FACS and those proportions measured by
ddPCR or qPCR was assessed in plots as shown in Figure 4.
These analyses indicated that the coefficient of variation of the
linear model of the FACS data used for predicting ddPCR
(15.8%) was substantially less than the coefficient used to predict
the qPCR data (25.2%). Thus, both repeated measure variation
and correlation with gold standard flow analyses reveal higher
precision for ddPCR than for qPCR. Further, we computed a
concordance correlation coefficient34 for agreement between
each pair of methods (Supplementary Table 2). The results pro-
vide additional support of a stronger agreement between ddPCR
and FACS (concordance estimate D 0.78, deviation from 45
degree line D 0.87 [no deviation D 1]) than for qPCR and
FACS (concordance estimate D 0.36, deviation from 45 degree
line D 0.43). A limitation of our studies is that we have only eval-
uated a single T cell marker in detail and hence we cannot deter-
mine whether the bias in qPCR would be seen with other gene
targets. The performance of MS PCR is affected by the sequence
context of CpG and non-CpG sites. Furthermore, many
researchers use SYBR Green instead of a TaqMan chemistry to
perform MS-PCR; we did not evaluate this chemistry but, given
that the 2 methods are quantitatively equivalent, we believe the
bias we found with TaqMan is likely similar to that which would
be observed in applying the SYBR Green chemistry.

We conclude that while both ddPCR and qPCR platforms for
DMR detection of T cells in human blood are highly correlated
with each other and with FACS measured T cells, there are
advantages in using the ddPCR approach. Digital PCR is techni-
cally simpler to perform than real time qPCR and does not
require standard dilution curves to be estimated from cycle
threshold data. In the current application to bisulfite treated
DNA, as in previous studies using conventional DNA templates,
we found clear evidence of increased precision of ddPCR in
repeated measures and in the validation phase of the study that
correlated DMR results with a gold standard. The bias in qPCR
measurement also appeared to increase with increasing level of T
cells, which presents a more serious concern in the practical clini-
cal application of the method. We were unable to explain the
bias as the qPCR reaction performed very well with high inputs
using the control (C-less) primers and probes. We would like to
note an earlier study using FOXP3 methylation qPCR that also

Figure 2. Jittered box and whisker plots for the % CD3 to total leukocyte
values for flow cytometry (FACS), ddPCR and qPCR. Individual values are
depicted by open circles, the bottom of the box is the 25th percentile,
the line within the box is the 50th percentile (median) and the top of the
box is the 75th percentile of the data. The top and bottom whiskers rep-
resent the value at 1.5 times the interquartile range (the distance
between the 25th and 75th percentile). Outliers appear outside of the
whiskers.

Figure 3. Bland Altman plots for visual assessment of the concordance
of 2 methods. Difference in values (y-axis) measured by different meth-
ods among controls, e.g., ddPCR value minus flow cytometry (FACS)
value, and qPCR value minus FACS value, are plotted against the gold
standard FACS values (x-axis) as plots (A) and (B), respectively. Concor-
dance between the values measured by each method is reflected by the
scatter around the horizontal value of zero such that perfect concor-
dance is depicted when all points lie along the zero horizontal.
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reported a systematic overestimation of FACS-defined T regula-
tory cells.35 The increase in CD3Z estimated T cells using
ddPCR was consistently about 5% and this may reflect the fact
that some Natural Killer (NK) populations may utilize CD3Z as
a signaling component and display a demethylated promoter
region.4 The ddPCR bias, however, was consistent across individ-
uals. In conclusion, DNA methylation analysis provides an

alternative to automated cell counting and FACS analysis and
can be used when intact cells are not available, as in the case of
archival blood specimens. DNA methylation based assay of
immune cells using ddPCR offers a new avenue for evaluating T
cell profiles in clinical and epidemiologic research.

Methods

Blood samples for DMR and FACS analyses
Blood samples were obtained from participants of the San

Francisco Adult Glioma Study36 who were recruited between
2010 and 2012. All glioma cases were adult (>18 years of age)
patients of the UCSF Neuro-oncology Clinic with newly diag-
nosed histologically confirmed glioma (International Classification
of Disease for Oncology, morphology codes 9380-9481). Partici-
pants without brain tumors (controls) were enrolled through the
UCSF general medicine phlebotomy clinic. Whole blood was
drawn in sodium EDTA vacutainer tubes. All participants pro-
vided written informed consent and in compliance with the study
protocol approved by the UCSF Institutional Review Board.

FACS analyses
Flow cytometry was performed on whole blood within

24 hours of blood draw. The whole blood samples were directly
stained with anti-human CD45 PerCP-Cy5.5 antibody (eBio-
science, San Diego, CA, cat #45-0459-41), anti-human CD3
FITC antibody (eBioscience, cat #11-0038-41), and anti-human
CD4 APC antibody (eBioscience, cat #17-0048-41) using a red
blood cell lysis and fix, no wash protocol. Accucheck counting
beads (Life Technologies, Carlsbad, CA, cat #PCB100) were also
added for absolute quantification of cell types. Isotype controls
were included in each run to determine gating and background.
Individual compensation controls were also routinely run. Sam-
ples were run on the FACSCalibur flow cytometer using Cell-
Quest Software (Becton Dickinson, Franklin Lakes, NJ). 10,000
events were collected on the lymphocyte gate that was set on the
forward scatter versus side scatter dot plot. Analysis of flow data
was done using Flowjo software (Treestar Inc, Ashland, OR).

DNA extraction and bisulfite conversion
Organic DNA extraction was performed on whole blood sam-

ples using the automated machine AutogenFlex Star (Autogen,
Holliston, MA). DNA was quantified using Quant-iT Picogreen
dsDNA Assay Kit (Life Technologies, Carlsbad, CA, cat
#P11496). One microgram of DNA was then used for bisulfite
conversion using the EZ-96 DNA Methylation Kit (Zymo
Research Corporation, Irvine, CA, cat #5004). Bisulfite
converted DNA was stored at ¡80�C.

CD3Z demethylation assay using droplet digital PCR
(ddPCR)

Demethylated copies of CpG regions of CD3Z and total
DNA (using C-Less primers) were quantified using the QX100
Droplet Digital PCR system (Bio-Rad, Hercules, CA). Master
mixes for CD3Z and C-Less were prepared for each run. Master

Figure 4. Plots of observed versus predicted values from linear regression
of the ddPCR and qPCR measured ratio of T cells to Total leukocytes (x-
axis) to the flow cytometry (FACS) measured ratio (y-axis) among controls.
A tighter cluster of points around the line depicts good fit and linearity
whereas systematic deviation of points suggests nonlinearity of the associ-
ation e.g. as seen in (B) where data suggest larger errors are associated
with larger predicted values. (A) Fitted regression equation for ddPCR (y)
and FACS (x) for plot: Yhat D 5.26 C 0.97*X. (B) Fitted regression equation
for qPCR (y) and FACS (x) for plot: Yhat D 5.53C 1.62*X.
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mixes included: Droplet PCR Supermix (Bio-Rad, cat #186-
3024), CD3Z /C-Less primers and probe (Applied Biosystems,
Foster City, CA), and EB buffer (Qiagen, Venlo, Netherlands,
cat #19086). The CD3Z primers and probe sequences were: for-
ward primer 50- GGATGGTTGTGGTGAAAAGTG -30,
reverse primer 50- GGATGGTTGTGGTGAAAAGTG -30, and
probe 6FAM-50- CCAACCACCACTACCTCAA -30-NFQ. The
C-Less primers and probe sequences were: forward primer 50-
TTGTATGTATGTGAGTGTGGGAGAGA -30, reverse primer
50- TTTCTTCCACCCCTTCTCTTCC -30, and probe 6FAM-
50- CTCCCCCTCTAACTCTAT -30-NFQ (Weisenberger,
Trinh et al. 2008, Campan, Weisenberger et al. 2009). CD3Z
and C-Less master mixes were aliquoted out into a 96-well plate.
CD3Z PCR experiments were performed in monoplex using
100ng of bisulfite converted sample DNA. Samples were then
transferred one column at a time to an 8 channel Droplet Gener-
ator Cartridge (Bio-Rad, cat #186-3008). QX100 Droplet Gen-
erator Oil (Bio-Rad, cat #186-3005) was then added, and
droplets were then generated using the QX100 Droplet Genera-
tor (Bio-Rad). Typically 10,000 to 14,000 droplets are gener-
ated. Droplets were then transferred from the cartridge to an
Eppendorf 96-well PCR plate (Eppendorf, Hamburg, Germany,
cat #951020362), foil heat sealed, and placed into a S1000 ther-
mal cycler (Bio-Rad). The PCR cycling conditions were as fol-
lows: 95�C for 10 minutes, followed by 40 cycles of 94�C for 30
seconds and 61�C for 1 minute, and ending with 98�C for 10
minutes and kept at 4�C until detection. At detection the PCR
plate was placed into the QX100 Droplet Reader (Bio-Rad) and
droplets were subsequently read as being either positive or nega-
tive for fluorescence/amplification. The data was analyzed using
QuantaSoft software (Bio-Rad).

CD3Z demethylation real time qPCR
For methylation specific qPCR analyses of CD3Z we used the

absolute quantification method as previously described.5 Copy
number of the target locus in each sample was determined by ref-
erence to a 4-point standard curve, which was based on known
copies of bisulfite converted template. Quantification of total
bisulfite DNA copies for the standard and in each sample was
determined by reference to the C-Less assay as described previ-
ously.37,38 Purified CD3 T cells were obtained from healthy
blood donors using antibody based negative selection and mag-
netic bead technology (Miltenyi, San Diego, CA).5 Purity of the
T cells was confirmed by FACS analysis. T cell DNA was bisulfite
converted, quantified with C-less assay, and diluted to create a
standard curve. Primers and fluorescent major grove binding
probes were obtained from Applied Biosystems (Applied Biosys-
tems, Foster City, CA), and prepared as 300 and 100 mM solu-
tions, respectively, in H2O. PCR reactions used TaqMan Gold/
Buffer A Pack from Applied Biosystems.

Statistical Analysis

Data were analyzed using SAS (SAS Institute Inc, Cary, NC)
and the epitools package in R (R Foundation for Statistical

Computing, Vienna, Austria). Non-parametric methods includ-
ing Wilcoxon rank sum test and Spearman rank correlation were
used in preliminary analyses to examine the association between
T cell variables measured on a continuous or ordinal scale.
Because standard statistical correlation tests often show strong
correlation between different methods used to measure the same
quantity, even when there are large systematic differences, we
used additional statistical methods, Bland-Altman plots and the
Lin concordance correlation, to examine agreement and concor-
dance of the different methylation assay techniques. The Bland-
Altman plot examines the differences between values measured
from the different methods (Y-axis) plotted against the mean of
these values if neither is considered a gold standard or against the
measure that is considered the gold standard (X-axis). Here, we
plotted the difference between FACS values (gold standard) and
either ddPCR or qPCR values against FACS. In these plots, con-
cordance between the measures is reflected by the scatter around
the horizontal value of zero such that perfect concordance is
depicted when all points lie along the zero horizontal. The
Bland-Altman approach also allows for visual assessment of sys-
tematic biases, i.e., patterns of displacement above and below the
horizontal that can be further examined in regression analyses.
The second statistical method, the Lin concordance correlation
statistic,34 combines measures of both precision and accuracy to
determine how far the observed data deviate from the line of per-
fect concordance (that is, the line at 45 degrees on a square scatter
plot i.e. a slope of 1.0). Lin’s coefficient increases in value as a
function of the nearness of the data to the line of perfect concor-
dance (the accuracy of the data) and of the tightness of the data
about the linear best fit (the precision). Correlational analyses
were followed up by simple and multivariable linear regression
analyses with graphical examination of the validity of the linearity
assumption.
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