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DNA methylation regulates gene expression in a cell-type specific way. Although peripheral blood mononuclear cells
(PBMCs) comprise a heterogeneous cell population, most studies of DNA methylation in blood are performed on total
mononuclear cells. In this study, we investigated high resolution methylation profiles of 58 CpG sites dispersed over eight
immune response genes in multiple purified blood cells from healthy adults and newborns. Adjacent CpG sites showed
methylation levels that were increasingly correlated in adult blood vs. cord blood. Thus, while interindividual variability
increases from newborn to adult blood, the underlying methylation changes may not be merely stochastic, but seem to be
orchestrated as clusters of adjacent CpG sites. Multiple linear regression analysis showed that interindividual methylation
variability was influenced by distance of average methylation levels to the closest border (0 or 100%), presence of
transcription factor binding sites, CpG conservation across species and age. Furthermore, CD4* and CD14* cell types
were negative predictors of methylation variability. Concerns that PBMC methylation differences may be confounded
by variations in blood cell composition were justified for CpG sites with large methylation differences across cell types,
such as in the IFN-y gene promoter. Taken together, our data suggest that unsorted mononuclear cells are reasonable
surrogates of CD8" and, to a lesser extent, CD4* T cell methylation in adult peripheral, but not in neonatal cord blood.

Introduction

DNA methylation patterns are erased and re-established
each generation during embryogenesis and gametogenesis.!
Throughout development, cell-type specific gene expression is
achieved through epigenetic changes in chromatin structure.?
Active genes tend to have decreased methylation levels at TSS
and increased methylation at gene bodies.’ In blood, DNA meth-
ylation regulates differentiation from hematopoietic stem cells
to the entire spectrum of mature cells,” including the expres-
sion of cytokine genes® and the control of immunoglobulin gene
rearrangements.” At birth, blood methylation profiles tend to be
more concordant within monozygotic twins than in dizygotic
twins, indicating a substantial genetic contribution to methyla-
tion patterns.®” Methylation levels have also been associated with
genomic sequence and structure in adult blood cells.''? In prin-
ciple, methylation levels are mitotically stable.’” Nevertheless,
there is increasing evidence that environmental and stochastic
factors modulate methylation from intrauterine to postnatal
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life.!"" Pediatric research suggests that postnatal changes in
methylation happen increasingly in childhood, and particularly
during the first year of life.?>*!

Efforts to characterize variability of DNA methylation
among healthy individuals have shown that methylation levels
225 and cell types,?*? and are subject to
intra-individual changes over time."** Epigenetic drift—diver-

vary across individuals

gence in methylation patterns due to small defects in transmit-
ting methylation marks through successive cell divisions, or in
maintaining them in differentiated cells—has been associated
with age-dependent methylation changes." Studies that followed
changes in methylation over time gave conflicting results. Global

methylation characteristically decreases with age, 3¢

which may
be largely due to loss of repetitive element methylation.’” A lon-
gitudinal study by Bjornsson and colleagues suggests, however,
that global methylation can either increase or decrease with
age.’! There is also evidence that at least CpG-rich loci tend to
gain, rather than lose methylation with time,*®% while a study

by Rakyan et al. showed that aging-associated hypermethylation
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Figure 1. Location of CpG sites in the analyzed genes. Numbering of CpGs i

nucleotide bases upstream to 500 bases downstream of the TSS (open boxes) and CpGs included in the methylation study (closed boxes) are shown.

s based on the TSS (+1), represented by a bent arrow. All CpGs within 1,000

preferentially occurred at bivalent chromatin domains, which
harbor both active and inactive histone marks.*

Aberrant methylation patterns have been associated with can-
cer,*! autoimmune disease*? or psychiatric disorders.”* An increas-
ing number of epidemiological studies try to identify changes in
methylation levels in blood cells associated with environmental
exposure or disease. Genome-wide comparison of methylation
levels between multiple blood cell types revealed substantial dif-
ferences in DNA methylation between cell types, suggesting that
methylation differences measured in whole blood or PBMCs may
be biased by differential blood composition.*°

In the present study, we investigated interindividual vari-
ability and patterns of DNA methylation within eight immune
response genes in multiple purified blood cell types from adults
and newborns. Detailed methylation analysis revealed patterns of
co-regulated CpG sites that were already detectable in cord blood
and became more prominent in adult blood. Comparing the
results from purified cell populations with CBMCs or PBMCs
revealed that apparent methylation levels can be influenced by
the cellular composition of the blood and may not be representa-
tive of cell types relevant for gene expression.

Results

We analyzed CBMCs and PBMCs from 30 mother-newborn
pairs. Twelve CBMC and 12 unrelated PBMC samples were
sorted into five different cell types (CD4* T cells, CD8* T cells,
CD14* monocytes, CD19* B cells and CD56* natural killer cells)
in order to investigate methylation levels in each subpopulation.
In addition, CD34* hematopoietic stem cells were isolated from
CBMGCs. All purified subpopulations were compared with P/
CBMC:s from which they were purified. Furthermore, PBMCs
and CBMCs from mother-newborn pairs were compared with
each other. High resolution methylation profiles of 8 immune
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response genes were obtained by bisulfite sequencing using either
pyrosequencing or 454 deep sequencing (GS FLX, Roche).
We selected eight immune response genes (I[FN-v, IL-2, IL-3,
IL-4, 1I-8, KIR2DL4 and TNF-a), which have previously been
described to be regulated by promoter methylation or shown
to be differentially methylated in disease conditions including
atopic disease, acute myeloid leukemia and obesity.

Within these genes, 58 CpG sites located in promoter regions
or reported to be differentially methylated under certain con-
ditions were included (Fig. 1). No CpG islands were detected
within 1,000 nucleotide bases upstream or 500 bases down-
stream of the TSS.

Interindividual variability of DNA methylation in blood
cell populations. We assessed DNA methylation levels of 58
CpG sites in C/PBMCs of 30 mother-infant pairs. Figure 2
shows that average methylation levels tend to be lower in PBMCs
than in CBMCs [25/58 CpG sites (43%)], suggesting a trend
for decreased methylation with age. There were no CpGs dis-
playing higher methylation in PBMCs than in CBMCs. Average
differences between the highest and the lowest methylation
levels across all CpG positions were 19.7 + 9.7% in CBMCs
and 25.5 = 13.8% in PBMCs. Maximum differences observed
within individual CpG positions were 48% in CBMCs (at CpG
site. TNF-a -239) and 69% in PBMCs (/L4 +5). We defined
interindividual variability at each CpG position as the statisti-
cal variance over methylation values from all donors. Overall,
interindividual variability across individual positions tends to be
increased in PBMCs (median variance = 37, IQR = 14-56) in
comparison to CBMCs (median variance = 25, IQR = 11-35).
Cell-type specific analysis of interindividual variability suggests
that the higher variability in PBMCs was not solely related to
a more variable blood composition at this age (Fig. 3). Indeed,
there was a general trend for higher variability with age in all
subpopulations, which supports the concept of postnatal factors
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Figure 2. Average DNA methylation levels in cord blood and in adult blood. Average methylation levels of about half of the analyzed CpGs were sig-
nificantly lower in PBMCs than in CBMCs. Stars denote significant differences in average DNA methylation (p < 0.001, Bonferroni-corrected threshold)
tested by t-test or Mann-Whitney rank sum test as appropriate. Error bars represent standard deviation (n = 30 donors). Adult blood, open bars; cord

blood, closed bars.

PBMCs. CD4* cells displayed relatively low methylation vari-
interindividual variability across all CpG positions was highest  ability, and CD19* and CD14" cell methylation levels were very
in CD56* and CD8* cells, as well as in unsorted CBMCs and  homogenous (Fig. 3).

influencing methylation variability in these genes. Average
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Figure 3. Interindividual variability of DNA methylation in blood cell subpo
cell types from (A) cord or (B) adult blood donors. Cell types are ordered by

of boxes), 95% interval (whiskers) and outliers (circles). Median values are sh

significant differences (p < 0.05).

variability of DNA methylation levels (expressed as statistical variance) across all CpG sites in different
vidual variability. Boxes display median (horizontal bars), interquartile ranges (lower and upper limits

plot. CD19* and CD14+ cells display a significantly reduced variability in comparison to most other
cell types tested by ANOVA on ranks with Tukey’s multiple comparison post-hoc test. Stars denote

(p < 0.05) correlation with average
methylation levels, there was a highly
significant correlation with the “dis-
tance of methylation to the closest bor-
der.” Indeed, interindividual variability
was significantly increased if methyla-

pulations. Interindividual
decreasing interindi-

own above each box

tion levels were intermediate (around

For most CpG sites interindividual variability was similar
between the different blood cell populations isolated from C/
PBMCs (Table S1). TNF-a, KIR2DL4 and IIFN-vy genes rep-
resent however a remarkable exception. In TNF-a, 2 particular
CpG sites displayed a very high variability in all PBMC subpopu-
lations except for CD14* cells, which are the main producers of
TNF-o (Fig. 4A).°° Similarly, two individuals presented outlier
methylation values for 1 CpG site in the K/R2DL4 promoter in
all PBMC subpopulations, but not in CD56* cells, which are
the main cells to express KIR2DL4 (Fig. 4B). These results sug-
gest that high interindividual variability of methylation at these
sites is not tolerated in CD14* and CD56* cells respectively, and
may only persist in cell types for which these genes are of minor
importance. In IFN-y, all CpG sites displayed relatively low
interindividual variability in most cell types, including CD4*
cells, which are the main producers of IFN-v."” However, CB
CD56* cells and AB CD8* cells, which are also producers of
IFN-v, stand out as having highly variable /FN-y methylation
levels (Fig. 4C; Table S1). In CD56* cells, the lower variability
in AB in comparison to CB may result from methylation changes
due to I/FN-y expression in these cells. In contrast, JFN-y expres-
sion in CD8* cells is not associated with lower variability in AB
in comparison to CB.

Sorting C/PBMC:s into subpopulations is therefore neces-
sary, at least when genes such as 7NF-o, KIR2DL4 and IFN-y
are to be analyzed with high resolution and sensitivity. For
IFN-y, further separation of CD4* cells into naive, Thl and
Th2 differentiated cells may be appropriate, because of the well
described IFN-y promoter methylation changes during CD4*
cell differentiation.®>

Parameters that influence interindividual variability of
DNA methylation. In order to identify parameters that influence
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50%) rather than low or high (close to

0% or 100%) (Table S2 and Fig. S2).
This may be partially expected because of the nature of percent-
age scales, which restricts both biological and technical variability
near interval borders. Other factors that significantly correlated
with increased methylation variability included age, CD8* and
CD56* cell types, while CD14*, CD19* cell types were negatively
correlated with methylation variability. Evolutionary conserva-
tion of CpG position, presence of a TFBS and CD34" cell type
were not bivariately correlated with methylation variability. A
multiple linear regression model provided however a more subtle
interpretation. Analyzing the different variables in one regression
model allowed to control for their confounding effects, and to
analyze the very specific effects of each parameter on methyla-
tion variability. While average methylation levels (distance to the
closest border) remained the main factor influencing methyla-
tion variability, it appeared that TFBS and interindividual vari-
ability were anticorrelated, whereas evolutionary conserved CpG
sites were positively correlated with interindividual variability
(Table 1). For a given CpG site, presence of TFBS and CpG
conservation across species do not change with cell type or age.
Thus, distance of average methylation to the closest border is the
only variable potentially interacting with presence of a known
TFBS and CpG conservation to predict methylation variability,
thereby masking the effect of these factors in bivariate correla-
tions. Indeed, both TFBS and CpG conservation turn out to
be significant predictors for methylation variability if regression
analysis was performed with one of these variables and distance
of average methylation to the closest border as the only potential
predictors (data not shown). On the other hand, the high meth-
ylation variability that was bivariately correlated with CD8* and
CD56* cell types is not significant when analyzed in a multiple
regression model. The high variability associated with these cell
types appears to be mostly influenced by other factors, such as
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Figure 4. DNA methylation of TNF-«, KIR2DL4, and IFN-y promoters in adult blood. (A) In the TNF-a promoter, the high methylation variability of
CpGs -245 and -239 (filled circles) in PBMCs is present in all subpopulations (CD4*, CD8*, CD19* and CD56* cells) except CD14* cells, which are the main
producers of TNF-a. CD4* cells are shown as an example of a subpopulation with high methylation variability. (B) In the KIR2DL4 promoter, the outlier
methylation values of CpG -228 (filled circles) in PBMCs are present in all subpopulations (CD4+, CD8*, CD14* and CD19* cells) except CD56* cells, which
are the main expressers of KIR2DL4. CD4* cells are shown as an example of a subpopulation with high methylation variability. (C) In the IFN-y pro-
moter, CD8* cells present a substantially higher interindividual variability than all other cell types, including CD4* cells which are the main producers

of IFN-y.

average methylation levels or donor age. In order to assess the
confounding effect of age on these parameters, we performed
the same regression analysis separately for each age group. While
CD8* cells remain uncorrelated with methylation variability in
both age groups, CD56" cells become a significant positive pre-
dictor for methylation variability in cord blood.

It is noteworthy that both Spearman correlation and regres-
sion analysis results remain unaffected by removing the 5 outli-
ers having a variance of 563—859 square percentages (Tables S2
and S3).

Correlations and patterns of DNA methylation. Methylation
of adjacent CpG sites was previously shown to be particularly cor-
related within genes, but also across different genes.” Although
continuous methylation data were compatible with Pearson’s cor-
relations, we chose to analyze Spearman’s rank order correlations
in order to avoid interindividual methylation variability influenc-
ing correlation coefficients. Analysis of Spearman’s correlations of
methylation levels between all CpGs in CBMCs and PBMCs of
the 30 mother-infant pairs revealed clusters of highly correlated
CpG methylation levels within IFN-y, KIR2DL4 and TNF-a
promoters (Fig. 5A and B; Tables S4 and S5). Interestingly,
both significance and magnitude of the correlations tended to be
higher in PBMCs in comparison to CBMCs. Thus, in the /FN-y

promoter, two groups of CpGs with inter-correlated methylation
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levels can be distinguished in CBMCs [CpGs -252 and -186, rho
= 0.67 (p < 0.05); CpGs from -54 to 171, average rho = 0.76,
4 x 10" < p < 0.01], whereas methylation levels of all /FN-y
CpGs were highly correlated in PBMCs (average rho = 0.85,
4 x 10° < p < 5 x 10"2). Correlations between TNF-a CpG sites
from -170 to +10 were also higher in PBMCs (average rho = 0.79,
1 x 10" < p < 1 x 10?) than in CBMCs (average rho = 0.64,
1 x 10 < p < 0.06). TLR4 CpGs +203 and +205 [rho = 0.68
(p=3x107) in CBMCs and rho = 0.85 (p = 1 x 10-*) in PBMCs]
also showed significant correlations between methylation levels.
In the KIR2DL4 promoter, correlations between CpGs from
-135 to -34 are slightly stronger in PBMCs (average rho = 0.79,
3 x 10" < p <1 x 10) than in CBMCs (average rho = 0.74,
4 x 10" < p <0.0002). In CBMCs CpGs -228 and -223 also cor-
relate with this cluster, while this is not the case in PBMCs. Using
Fisher’s z transformation, we assessed that 25% of the correlations
between CpG sites within the /FN-vy, KIR2DL4 and TNF-a pro-
moters were indeed statistically significantly higher (p < 0.05) in
PBMCS than in CBMCs. Correlations between /Z-3 CpGs from
-210 to -95 were similar in PBMCs and CBMCs [average rho
= 0.64 in CBMCs (1 x 10” < p < 0.03) and average rho = 0.63
in PBMCs (1 x 10° < p < 0.01)]. Therefore, while some CpGs,
for instance in the /L-4, seem to be regulated totally indepen-
dently, adjacent CpGs were often regulated together. This trend

1425



Table 1. Multiple linear regression analysis to test the association be-
tween interindividual variability and potential influencing factors

Variables
Beta p value
Dependent Variance
Constant 0.000
Predictors Distance to clo§est border 0.488 * 0.000
(methylation %)
Presence of a known TFBS -0.219 * 0.000
Phylogenetic conservation 0.214 % 0.000
of CpG
Age (adult or newborn) 0.167 * 0.000
CD4* cell type -0.110 * 0.005
CD14* cell type -0.109 * 0.006
CD19* cell type -0.034 0.385
CD8* cell type 0.030 0.441
CD34* cell type 0.006 0.856
CD56* cell type 0.005 0.891

Ranked by regression coefficient (), the main factors influencing
interindividual variability (variance) are the distance of methylation %
to the closest border (0% or 100%), presence of a known TFBS and phy-
logenetic conservation of CpG site. Stars denote significant correlation
coefficients (p < 0.01). Adjusted R? = 0.340.

to co-regulation tends to be higher in PBMCs than in CBMCs,
suggesting that it evolves during an individual’s lifetime, possibly
in response to environmental cues or during normal cell differen-
tiation and aging. It is interesting that methylation levels of some
CpGs of different genes were also highly correlated in PBMCs,
but not in CBMCs. Indeed, methylation levels of the 6 analyzed
IFN-y CpGs significantly correlated with methylation of 7NF-a
CpG -245 (average tho = 0.77, 3 x 10? < p < 3 x 107), IL-8 CpG
-1241 (average rho = 0.69, 7 x 107 < p < 3 x 10"*) and /L-2 CpGs
760 and -252 (average rho = 0.76, 1 x 10" < p < 9 x 10%). There
were also significant correlations between KIR2DL4 CpGs -78 to
-47 and TNF-o. CpGs -147 to +10 (average rho = 0.63, 2 x 107
< p < 1 x 10). This suggests that methylation levels of distant
CpGs may be regulated in concert in response to specific postna-
tal events. There were no negative correlations (Spearman’s rho <
-0.6) in CBMCs, and only between 1 CpG pair in PBMCs.

We analyzed the same Spearman’s correlations between meth-
ylation levels of all CpGs in the different blood cell subpopula-
tions of 12 CB and 12 AB donors. Although statistical significance
(p value below the Bonferroni-corrected threshold of 3 x 107) is
less often reached than with 30 donors (in the case of C/PBMCs),
clusters of CpGs with highly intercorrelated methylation values
could again be identified based on significance and high rho val-
ues. In both CB and AB, we identified clusters of intercorrelated
methylation levels within genes of CD4* cells (/L-2 and TNF-av),
CD8* cells (IEN-y, KIR2DL4 and TNF-at), CD14* cells (IL-3)

and in CD56* cells (IFN-y, KIR2DL4 and TNF-at). Methylation
levels within the /FN-y promoter were also correlated in adult
but not in neonatal CD4* and CD19* cells. Similarly, methyla-
tion levels within the 7ZR-4 promoter were correlated in adult,
but not neonatal CD8*, CD14* and CD56" cells. Notably, meth-
ylation levels in CB CD19* and CD34" cells were mostly inde-
pendent within and between genes. Interestingly, methylation of
the same CpG sites within /FN-y, KIR2DL4 and TNF-o genes
were highly correlated in some cell types, but totally independent
in others (Fig. 5C). Again, correlations within these genes tended
to be higher in AB than in CB subpopulations. Clusters of CpG
sites with methylation levels correlating between different genes
could only be observed in adult CD4*, CD8* and CD19* cells
and to a lesser extend in neonatal CD8* and CD56* cells. In
these cell types methylation levels of CpG pairs situated in /F/N-
Y, IL2, IL4, IL8, KIR2DL4 or TINF-a promoters were shown to
vary together.

Collectively, our results show that methylation levels of the
same CpG sites may be regulated as a whole cluster of adjacent
CpG sites in some cell types, while in other cell types these CpGs
vary independently. While neonatal CD19* and CD34* cells
exhibit methylation levels that are largely independent within
and between genes, adult CD8* cells stand out as having multiple
clusters of correlated methylation levels.

Influence of differential blood cell counts on DNA meth-
ylation in C/PBMCs. Epidemiological studies conventionally
analyze DNA methylation in PBMCs or whole blood. A poten-
tial limitation of this approach is that differences in blood cell
subpopulations may influence the observed levels of variation.
We have phenotyped total C/PBMCs of the 30 mother-infant
pairs by flow cytometry for T cell, B cell, monocyte and stem
cell markers. While percentages of CD19* cells (8 + 3% in CB,
5 + 2% in AB), CD34"* cells (5 + 4% in CB) and CD56" cells
(10 £ 5% in CB, 7 + 3% in AB) were relatively similar between
donors, proportions of CD4* cells (28 + 8% in CB, 30 + 8%
in AB) and CD14* cells (21 + 6% in CB, 19 + 8% in AB) were
more variable. The relative cell counts of CD8* cells were rela-
tively similar between CB samples (15 + 4%) but much more
variable in AB (19 + 7%). We have tested whether differences in
NK cell frequency bias C/PBMC methylation levels for /FN-y
and KIR2DL4 genes, as these genes present considerably lower
methylation values in CD56* cells compared with all other cell
types (Table 2 and Fig. 6). Despite the relatively low variability
in CD56* cell percentages, we were able to correlate methylation
of several /FN-vy and KIR2DL4 CpGs in C/PBMCs with the fre-
quency of CD56* cells. In particular, methylation of all /FN-y
CpG sites was significantly correlated with CD56* cell frequency
in PBMC:s (average tho = -0.57, range = -0.41-0.66). For these
CpGs, methylation variability in total PBMCs appears to be
largely biased by the changes in CD56* cell population. On the

rho and p values.

Figure 5 (See opposite page). Correlations between methylation levels of individual CpG sites. Spearman correlations between methylation levels in
(A) CB, (B) AB and (C) IFN-vy, KIR2DL4 and TNF-a promoters in different blood cell populations. Clusters of intercorrelated CpG methylation levels were
identified by visual analysis of both magnitude and significance (p value) of the Spearman’s correlation coefficient. Light gray squares: 0.6 < rho < 0.8;
dark gray squares: rho > 0.8, Dotted squares correspond to p values < 0.000031 (Bonferroni-corrected threshold). Intragenic clusters of intercorrelated
methylation levels are delimited by bold black borders. Intergenic clusters are drawn with dashed borders. See Tables S4 and S5 for a detailed view of
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Table 2. Pearson correlation coefficients between DNA methylation in PBMCs and frequency of CD56* cells

Cord blood
CpG site Pearson rho p value
IFN-y -295 -0.570%* 0.002
IFN-y -186 -0.325 0.106
IFN-y -54 -0.276 0.172
IFN-y +122 -0.223 0.273
IFN-y -128 -0.265 0.191
IFN-y +171 -0.049 0.814
KIR2DL4 -228 -0.423* 0.031
KIR2DL4 -223 -0.369 0.063
KIR2DL4 -135 -0.337 0.092
KIR2DL4 -78 -0.212 0.298
KIR2DL4 -73 -0.303 0.133
KIR2DL4 -47 -0.265 0.190
KIR2DL4 -39 -0.287 0.155
KIR2DL4 -34 -0.381 0.055

N
30
30
30
30
30
30
30
30
30
30
30
30
30
30

Adult blood
Pearson rho p value N
-0.414* 0.035 30
-0.489* 0.011 30
-0.628*** 0.001 30
-0.656***t 0.000 30
-0.580** 0.002 30
-0.600%** 0.001 30
-0.656***t 0.000 30
-0.646%** 0.000 30
-0.144 0.484 30
0.063 0.760 30
0.071 0.731 30
0.300 0.136 30
-0.345 0.084 30
0.046 0.824 30

*p < 0.05, **p < 0.01, ***p < 0.0017 (Bonferroni-corrected threshold). ‘Correlation of methylation of IFN-y CpG +122 and KIR2DL4 CpG -228 and CD56%
p p

in PBMCs is illustrated in Figure 6.

other hand, methylation of most KIR2DL4 CpG sites and most
CB IFN-y CpG sites did not significantly correlate with CD56*
cell frequency and might therefore reflect methylation variabil-
ity that exceeds changes in blood composition. Furthermore, CB
CD34* cells stand out as having 7NF-a methylation levels that
differ largely from all other subpopulations. No significant cor-
relations between CD34* cell frequency and 7NF-o methylation
were found, which may be due to the overall low frequency of
CD34* cells in CB.

Comparison of methylation in C/PBMCs and subpopu-
lations. In order to evaluate similarity of methylation levels
between unsorted C/PBMCs and subpopulations, we compared
median methylation levels of each subpopulation to those mea-
sured in total C/PBMCs using paired Mann-Whitney tests
(Fig. 7). Whenever the null hypothesis of equal median meth-
ylation levels between subpopulation and C/PBMCs was not
rejected at the 5% significance level (p > 0.05), we considered
methylation levels as being similar. Only 2 CpGs in CB (/L-3
-460 and /L-4 -49) and 5 CpGs in AB (/L-2 -252, IL-3 -460,
-444, -438 and /L-8 -1311) exhibited similar methylation levels
between all subpopulations. In addition, 12 CpG sites (21%) in
CB and 11 CpG sites (19%) in AB displayed similar methylation
levels between total C/PBMCs and both CD4* and CD8* T cells.
Therefore, although T cells make up the majority of C/PBMCs,
C/PBMCs methylation levels are not necessarily a direct surro-
gate for T cell methylation. On the gene level, both CB and AB
1L-2 and IL-3, as well as AB IL-4 and /L-8 were the most consis-
tent between C/PBMCs and subpopulations. On the other hand,
CB and 7NF-a, KIR2DL4 and IFN-y, as well as CB /L-4 and
IL-8 bear methylation levels that were mostly different between
C/PBMCs and subpopulations. CpGs IL-4 +53 (p = 0.0022),
KIR2DL4 -47 (p = 0.0023) and TNF-a -147 (p = 0.0024) in AB
displayed the largest differences from total PBMCs.
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C/PBMC methylation levels that differ from subpopula-
tion methylation levels may nevertheless be a valuable surrogate
for specific subpopulations, if there is a significant correlation
between the two. Indeed, highly correlated methylation levels will
lead to a comparable ranking of individuals, regardless whether
C/PBMC or subpopulation methylation levels are considered.
Therefore, we analyzed Pearson correlations between each sub-
population and total C/PBMC:s for each CpG site. In CB, cor-
relations with CBMCs were relatively low for all subpopulations,
being highest in the majority cell type of CD4* cells (median rho
=0.35, IQR = 0.07-0.53), and lowest in the minority cell type of
CD34* cells (median rho = 0.08, IQR = -0.07-0.33) (Fig. 8A).
As shown in Figure 8B, at specific CpG sites the same individu-
als may indeed rank differently depending on the cell type. In
contrast, AB CD8* and CD4* cells showed strong correlations
with total PBMC:s for most genes (CD8 median rho = 0.79, IQR
= 0.71-0.90; CD4 median rho = 0.62, IQR = -0.43-0.78). In
particular, for IFN-y, IL-2, IL-8, KIR2DL4 and TNF-a, CD8*
and CD4* cell methylation levels also correlated well within each
other (median rho = 0.78, IQR = 0.73-0.89), making PBMC
methylation a valuable surrogate for these gene’s methylation in
T cells. The high interindividual variability in adult CD8* cell
methylation might be responsible for their increased correlation
with PBMC methylation, although they are not the majority cell
type. In contrast, CD14* cells displayed the lowest correlations
with PBMCs (median rho = 0.01, IQR = -0.22-0.27).

This cell-type specific analysis suggests that although meth-
ylation levels detected in total C/PBMCs differ from absolute
methylation status in subpopulations, they constitute a valuable
surrogate for CD8* and to a lesser extent for CD4"* cell meth-
ylation in AB. In CB however, both correlations and absolute
methylation levels between subpopulations and CBMCs dif-
fer significantly for almost all CpG sites. Sorting of CBMCs
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newborns.

In total C/PBMCs, highest and lowest methylation levels dif-
fered by about 20%, which is comparable to the methylation
differences in PBMCs or T cells commonly observed in human
studies, such as changes in IFN-y gene methylation in atopic
children and in inflammatory bowel disease patients,* or alter-
ations in TNF-a gene methylation in obese responders to dietary
intervention.”* However, the observed variation in healthy donors
is modest compared with cancer cell lines or animal models where
methylation levels ranged from virtually unmethylated to essen-
tially full methylation.’¢® Although we cannot extrapolate our
results from eight immune response genes to the whole genome,
they are consistent with the variability reported for other genes
in whole blood of healthy individuals.?% Interestingly, interin-
dividual variability of methylation levels in AB subpopulations
were greater than in CB subpopulations, which is compatible
with the influence of postnatal factors such as stress, diet,®
but also immune-related triggers including infections.®* Indeed,
IFN-y methylation for instance was shown to be altered in HIV-
infected CD4* T cells.® Furthermore, individual-specific changes
in effector, memory and regulatory cell populations are likely to
contribute to the higher variability in PBMCs. In C/PBMCs,
patterns of DNA methylation look very similar between adult
and cord blood donors. About half of the analyzed CpGs dis-
played however significantly lower methylation levels in PBMCs,
which is in line with the observation of lower DNA methylation
with age in non-CpG island genes.”’

A more compelling finding of our study was that the particu-
larly high interindividual variability observed at 3 CpG positions
in TNF-a and KIR2DL4 promoters was present in all cell types
except those that mainly express these genes, namely CD14* and
CD56* cells, respectively. This suggests that methylation of these
CpGs is tightly regulated in these cells, and that variability in the
other cell types may merely be the result of haphazard processes.
One might speculate that methylation of TNF-a CpG sites -245
and -239 prevents binding of a transcriptional repressor, while
KIR2DL4 CpG -228 may be located in a TFBS. However, there
were no TFBS located at or nearby these CpG sites, as determined
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by TRANSFAC database search and MATCH algorithm. For
TNF-a, the closest TFBS (25 bp downstream of the CpG site
-239) was NF-kB, a transcriptional activator of 7NF-a. The role
of methylation of CpG sites -245 and 239 in TINF-o expres-
sion thus is not clear, but seems to be different than normally
expected. However, we observe that the other TNF-a0 CpG sites
(from -170 to +10) have low methylation levels in CD14* cells,
which seems to be required for transcription factor binding and
gene expression, as shown by Pieper et al.*® TNF-o, TLR4 and
KIR2DL4 are typical examples where methylation levels should
be investigated in purified or enriched cell populations.

Recent evidence indicates that interindividual variability of
DNA methylation is predominantly found in CpG-poor regions,
while CpG-rich regions exhibit low and relatively similar meth-
ylation levels among individuals.'® Other factors associated with
susceptibility to DNA methylation variability have not been
described so far. We show here that evolutionary conserved
regions are associated with an increased interindividual vari-
ability of methylation levels, which may reflect the functional
importance of methylation at these sites. Furthermore, variability
was reduced when CpG sites were located in TFBS. This is in
line with the observation that for some CpG sites interindividual
variability is specifically abolished in those cell types that mainly
express the gene downstream, and suggests that high interindi-
vidual variability may only persist in cell types or at CpG sites
that are of minor importance to gene expression. We also find a
strong correlation between interindividual variability and average
methylation levels, but in contrast to a recent study by Bock et
al.’ we find the highest variability when average methylation lev-
els are intermediate rather than high. Bock and colleagues inves-
tigated the variability at the amplicon-level and across 3 human
chromosomes, which may explain apparent differences in results.

Spearman correlations between methylation levels of indi-
vidual CpG sites revealed clusters of CpG sites that seem to be
regulated as a whole rather than as individual CpGs. This con-
firms and expands observations of Talens and colleagues, who
described correlations between levels of methylation within genes
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Figure 7 (See opposite page). Methylation levels in blood cell subpopulations. Upper subplots display heatmaps of average DNA methylation levels
in each CpG position and in each cell type in (A) CB and (B) AB. The lower subplots show p values for the comparison of median methylation levels
between each subpopulation and total C/PBMCs using paired Mann-Whitney rank sum tests. The dashed line indicates the significance threshold of a
p value < 0.05.
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Figure 8. Correlation of methylation levels between subpopulations and C/PBMCs. (A) Median Pearson correlations between methylation levels of
each CpG site in subpopulations and total C/PBMCs. Boxes display median (horizontal bars), interquartile ranges (lower and upper limits of boxes), 95%
interval (whiskers) and outliers (circles). C/PBMC methylation levels best correlated with CD4* and CD8* cell methylation. (B) Methylation of TLR4 CpG
site +205 in CB. Symbols indicate the different individuals. The ranking of the individuals’ methylation levels differs between cell types.

and between mainly imprinted genes.” Interestingly, the same  having similar methylation in C/PBMCs and all subpopulations.
clusters of correlated CpG sites were found in CB and AB cells.  However, about 20% of CpG sites displayed similar methylation
Both magnitude and significance of the correlations were higher  in C/PBMCs and both CD4* and CD8* T cells. Although abso-
in AB, and clusters that were already detectable in CB cellsbecame  lute methylation levels in total C/PBMCs are mostly different
broader and more prominent in AB. The pattern in the different  from those measured in subpopulations, correlations between C/
cell populations suggested that these CpG sites were regulated as PBMC and subpopulation methylation levels show that PBMC
clusters in some cell types and independently in others. Postnatal ~ methylation levels may be a valuable surrogate for CD8*, and
events or natural development may influence methylation levels  to a slightly lesser extent for CD4* T cell methylation. In con-
of those co-regulated CpG sites. In CB, CD34* methylation lev-  trast, CBMC methylation levels are mostly different from and
els are largely uncorrelated, indicating that clusters of CpGs with  only poorly correlated with subpopulation methylation levels,
correlating methylation levels may result from both cellular dif-  suggesting that sorting of CBMCs is necessary to obtain unbi-
ferentiation and environmental exposures. ased methylation data, at least for the genes analyzed in the pres-
Our study is unique in that it investigates interindividual ent study. Furthermore, methylation levels of several /F/N-y and
methylation variability in the most important subpopula- K7R2DL4 CpGs in total C/PBMCs significantly correlated with
tions of C/PBMCs. When all CpGs are considered, CD8* and  the proportion of CD56* cells, substantiating concerns that dif-
CD56* cells displayed the highest variability in both CB and ferential cell count in the blood influences apparent methylation
AB, whereas CD14* and CD19* cells exhibited the lowest varia-  levels measured in PBMCs. A limitation of our approach is that
tions. The higher variability in T cells may be related to their  the correlation results are unreliable for CpG sites with a lim-
increased average mitotic age, enabling them to accumulate more  ited methylation variability (e.g., below the technical variability).
methylation differences throughout life.”” In addition, with age  This may lead to underestimation of the correlation between
CD4* T cells become increasingly memory/effector type cells, DNA methylation in CBMCs and subpopulations.
which exhibit largely different methylation levels.®* Comparison In conclusion, our methylation studies in purified sub-
of absolute methylation levels revealed only few CpG sites populations of PBMCs and CBMCs using highly quantitative
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pyrosequencing showed that although absolute methylation levels
differ between subpopulations, PBMC but not CBMC methyla-
tion levels represent valuable surrogates for T cell methylation.
Methylation patterns in subpopulations suggest a picture in which
interindividual variability of promoter methylation of immune
response genes is limited in TFBS and may be totally abrogated
in the promoter of cells in which the gene is active. While inter-
individual variability increases from newborn to adult blood, the
underlying methylation changes may not be merely stochastic, but
seem to be orchestrated as clusters of correlated CpG methylation
levels within and between immune response gene promoters.

Materials and Methods

Subject recruitment and sample collection. The study protocol
was approved by the Luxembourgish National Research Ethics
Committee (CNER) according to the Declaration of Helsinki.
All volunteers provided written consent before participation.
Exclusion criteria for participants were current or past diagnosis
of autoimmune disease or cancer. We recruited 12 healthy adults
(6 male and 6 female, age range 18—60 y, mean 33 + 11 y) for
peripheral blood collection (50 ml). Thirty paired maternal-neo-
natal subjects (maternal age range 20—42 y, mean 33 + 5 y) were
recruited at Dr Bohler Hospital (Luxembourg) by the Clinical
and Epidemiological Investigation Center (CIEC, CRP-Santé).
We obtained 10-50 ml of cord blood and 10 ml of maternal
blood, both collected at the time of delivery. All blood samples
were collected into EDTA tubes.

Cell purification and sorting. The mononucleated cell frac-
tion was purified by Ficoll-Paque™ PLUS (GE Healthcare
Cat. No. 17-1440-02) density gradient centrifugation using
Leucosep® tubes (Greiner Bio-one, Cat. No. 227289). From
the cells collected by density gradient, CD4* and CD8* cells
were positively selected using two rounds of MACS. The
purity of MACS-sorted cells was analyzed by flow cytometry
using PE-labeled CD4 (clone MEM-241) and PE-labeled CD8
(clone MEM-31) antibodies (Immunotools Cat. No. 21270044
and 21270084). The average purity of MACS-sorted cells was
95% (+ 4%) of CD4* cells and 89% (+ 10%) of CD8* cells.
DPurity assessments by flow cytometry were based on cell popula-
tions excluding dead cells, debris and cell doublets only. Cells
in the monocyte gate were essentially CD4 and CD8 negative
and were probably co-purified unspecifically. CD14*, CD19*,
CD34* and CD56* cells were then selected from the T-cell nega-
tive fraction using FACS. Briefly, cells were washed with FACS
buffer (PBS supplemented with 0.5% BSA and 0.05% NaN3),
incubated for 25 min with FITC-labeled CD14 (clone MEM-
18, Immunotools Cat. No. 21270143), PE-labeled CD19 (clone
LT19, Immunotools Cat. No. 21270194), PE-Cy7-labeled CD34
(clone 581, BD Biosciences Cat. No. 560710) and APC-labeled
CD56 (clone MEM-188, Immunotools Cat. No. 21270566)
antibodies, washed again in FACS buffer, and passed through
a 70 pum cell strainer before analysis and sorting on a FACSAria
(BD Biosciences). The average purity of FACS-sorted cells was
97% (+ 4%) of CDI14* cells, 98% (= 1%) of CD19* cells, 94%
(+ 4%) of CD34* cells and 95% (+ 4%) of CD56* cells. Cell
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pellets were stored at -20°C until DNA extraction. The sorting
strategy is shown in Figure S1.

DNA extraction and bisulfite treatment. Genomic DNA was
extracted using QIAquick kit (Qiagen Cat. No. 28706) follow-
ing manufacturer’s instructions. Extracted DNA was bisulfite-
treated using the EpiTect® Bisulfite Kit (Qiagen Cat. No. 59104)
according to the manufacturer’s instructions and stored at -20°C
until further use.

Primer design and PCR amplification. PCR primers were
designed using MethPrimer software® or PSQ assay design soft-
ware (Biotage). PCR Primer sequences are listed in Table S6.
For pyrosequencing, first round PCR amplifications were per-
formed with duplicate samples of bisulfite-treated DNA. Then,
nested PCR reactions were performed using one unlabeled and
one biotin-labeled primer for subsequent purification with strep-
tavidin-sepharose beads. For 454 sequencing, first round PCR
amplification was done on single samples of bisulfite-treated
DNA. Nested second-round PCR reactions were performed with
primers adding M13 universal tails to all amplicons. Then a
third round PCR amplification was used to add a sample-specific
10-nucleotide tag (Roche) for computational separation after 454
sequencing.

PCR reaction mixtures consisted of 1x PCR buffer, 1.5-3 mM
MgCl,, 0.2 mM dNTPs, 0.2-0.8 M primers, 0.02 U Platinum
Taq Polymerase (Invitrogen Cat. No. 10966-026) and 1-10 ng of
template DNA. All amplification steps were performed with an
initial denaturation step at 94°C for 3 min, 40 cycles of 94°C for
30 sec, primer-specific annealing temperature for 30s, 72°C for
30 sec and a final extension step at 72°C for 7 min.

Pyrosequencing. PCR amplicons were purified using strep-
tavidin-sepharose beads (GE Healthcare, Cat. No. 17-5113-01)
and the Pyrosequencing Vacuum Prep Tool (Biotage) follow-
ing the manufacturers recommendations. Pyrosequencing
primer (0.4 wM) was then annealed to the purified single-
stranded PCR product and pyrosequencing was performed on
a PyroMark ID (Biotage). Primers are listed in Table S7. All
pyrosequencing reactions were run in duplicates from bisulfite
treatment on. The average standard deviation of duplicate val-
ues was 2.6 square %.

454 sequencing. Each PCR amplicon was individually pre-
pared, gel-purified and quantified using PicoGreen dsDNA
assay kit (Invitrogen, Cat. No. P7589). Samples were run on a
454 sequencer (Roche) by Eurofins MWG Operon or VIB (KU
Leuven). Sequencing data were sorted using Geneious v5.3.6
Software (www.geneious.com) and analyzed with QUMA
Software.”” Median sequence read coverage per amplicon was
520 (IQR = 181 — 960).

Statistical analysis. Quantitative methylation data were ana-
lyzed with SPSS v19.0 (IBM SPSS Statistics). Pearson’s correla-
tion coefficient was used to assess bivariate correlations among
continuous variables and Spearman correlation coefficient was
used to evaluate bivariate relationships between continuous and
binary variables. Fisher’s z transformation was performed using
R, version 2.15 (package “psych”) in order to determine whether
Spearman correlation coefficients were significantly different.
Student’s t-test and Mann-Whitney rank sum test were used to
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assess differences in the mean and median values between two

groups. Multiple groups were compared using ANOVA and
Tukey’s multiple comparison post-hoc test. In order to analyze
correlations with methylation variability, TFBS were extracted
from TRANSFAC database version 2012.1. Evolutionary con-
servation % of CpG sites were calculated based on multiple
sequence alignments of homo sapiens, bos taurus, canis familiaris,
equus caballus, pan troglodytes, macaca mulatta, Mus musculus and
rattus norvegicus sequences. A multiple linear regression model

was built to adjust for potential confounders. The TRANSFAC
Match algorithm was used to predict potential TFBS in TNF-a
and KIR2DL4 promoters.
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