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Abstract

Memory T cells are primed for rapid responses to antigen; however, the molecular mechanisms 

responsible for priming remain incompletely defined. CpG methylation in promoters is an 

epigenetic modification, which regulates gene transcription. Using targeted bisulfite sequencing, 

we examined methylation of 2100 genes (56,000 CpG) mapped by deep sequencing of T cell 

activation in human naïve and memory CD4 T cells. 466 CpGs (132 genes) displayed differential 

methylation between naïve and memory cells. 21 genes exhibited both differential methylation and 

gene expression before activation, linking promoter DNA methylation states to gene regulation; 6 

of 21 genes encode proteins closely studied in T cells, while 15 genes represent novel targets for 

further study. 84 genes demonstrated differential methylation between memory and naïve cells 

that correlated to differential gene expression following activation, of which 39 exhibited reduced 

methylation in memory cells coupled with increased gene expression upon activation compared to 

naïve cells. These reveal a class of primed genes more rapidly expressed in memory compared to 

naïve cells and putatively regulated by DNA methylation. These findings define a DNA 

methylation signature unique to memory CD4 T cells that correlates with activation-induced gene 

expression.
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Introduction

Differentiation into fast acting memory cells following antigen recognition is a central tenet 

of T cell immunology. Memory T cells are often described as being “primed” for rapid 

responses to antigen; however, the molecular mechanisms responsible for this “priming” 

remain incompletely defined. Methylation of CpG dinucleotides in promoter regions is one 

mechanism of epigenetic regulation of gene transcription (1-3). CpG methylation is 

maintained during cell division, but can be altered by aging or environmental stimuli such as 

disease (1, 4) and T cell activation (5-7). Many genes corresponding to immune function 

Corresponding Author: Daniel R. Salomon Department of Molecular and Experimental Medicine The Scripps Research Institute 
10550 N. Torrey Pines Road La Jolla, CA 92037 Phone: (858) 784-9381 Fax: (858) 784-2121 dsalomon@scripps.edu. 

The sequences presented in this article have been submitted to the National Center for Biotechnology Information Gene Expression 
Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE59860

HHS Public Access
Author manuscript
J Immunol. Author manuscript; available in PMC 2016 February 15.

Published in final edited form as:
J Immunol. 2015 February 15; 194(4): 1565–1579. doi:10.4049/jimmunol.1401162.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.ncbi.nlm.nih.gov/geo/


have been identified as being regulated by CpG methylation, implicating a role for CpG 

methylation in T cell function and differentiation. Clear examples of this phenomenon 

include the patterns of DNA methylation and gene expression for IFNγ and IL-4 in the 

development of Th1 and Th2 lineages. Differentiated Th1 cells express IFNγ and exhibit a 

demethylated IFNγ promoter (8, 9). These same cells do not express IL-4 and have a 

methylated IL-4 promoter. Conversely, Th2 cells express IL-4, have a demethylated IL-4 

gene promoter (10), do not express IFNγ and have a methylated IFNγ promoter (11, 12). 

Similarly, FoxP3 (13-15), IL-2 (6, 16-18), IL-17A (19) and other immune genes have been 

shown to be regulated by DNA methylation.

While these studies have been performed to look at the impact of DNA methylation on the 

expression of single genes, few have employed a more global examination of DNA 

methylation in CD4 T cells (20). Indeed, many candidate genes have been screened for 

promoter CpG methylation in CD4 T cells profiled at rest and following activation (9, 17, 

18, 21), during development (3, 22), or comparing conventional T cells to regulatory T cells 

(23). CD4 T cells have also been studied in disease contexts such as latent autoimmune 

diabetes in adults (24), bronchial asthma (8), or systemic lupus erythematosus (25). 

Recently, Hashimoto et. al. conducted a global DNA methylation analysis in murine naïve, 

effector and memory CD4 T cells (7). The authors found that the majority of differential 

methylation between naïve and memory cells occurred in introns and intergenic regions. 

Interestingly, the methylation changes occurring following activation of memory CD4 T 

cells localized to enhancer regions.

To fully appreciate the impact of epigenetic changes in disease states it is important to 

understand how CpG methylation regulates function and activation-dependent lineage 

commitments of human naïve and memory CD4 T cells in healthy individuals. We used 

deep RNA sequencing of naïve and memory cells activated by CD3/CD28 crosslinking to 

identify a set of high value candidate genes for epigenetic regulation. Then, using high-

throughput targeted microdroplet PCR (26), we successfully mapped 57,706 CpGs across 

1,946 selected genes.

This study shows an inverse association between promoter CpG methylation and RNA 

expression, particularly in genes without a promoter CpG island (CGI). We identified 132 

genes that were differentially methylated between CD4 naïve and memory subsets. In 

contrast, 48 hours following activation, there was surprisingly little variation in CpG 

methylation from resting to activated cells. These 132 genes mapped to pathways involved 

in cellular migration, hematological system development and function, and inflammatory 

responses, consistent with the conclusion that DNA methylation is important for regulation 

of CD4 T cell function. Moreover, 21 genes exhibited differential methylation between 

naïve and memory CD4 T cells that correlated with differential gene expression at rest, and 

84 genes demonstrated differential methylation between memory and naïve cells that 

correlated to differential gene expression following activation. Ultimately, we mapped the 

majority of these genes to three pathways involved in delivering a number of critical 

inflammatory cytokine signals, many with established biological significance in CD4 T cell 

activation and innate immunity and many as novel candidates for additional research.
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Materials and Methods

Ethics Statement

All the studies in this manuscript were covered by Human Subjects Research Protocols 

approved by the Institutional Review Board of The Scripps Research Institute. Informed 

written consent was obtained from all study subjects in the study.

Isolation and activation of human lymphocytes

Peripheral blood was collected from healthy donors, and peripheral blood mononuclear cells 

(PBMC) were collected by centrifugation through a histopaque (Sigma) gradient. CD4 T 

cells were negatively selected from PBMC using the Naïve CD4 T cell isolation kit II 

(Miltenyi Biotec) or the Memory CD4 T cell isolation kit (Miltenyi Biotec) from 6 donors. 

CD8 T cells and B cells were positively selected from PBMC using CD8 or CD19 

microbeads (Miltenyi Biotec), respectively. CD8 T cells and CD19 B cells were isolated at a 

later time from 2 donors included in the CD4 T cell sampling. Cell purity was assessed by 

flow cytometry staining with antibodies specific for CD4 (SK3, eBioscience), CD45RA 

(HI100, eBioscience), CD45RO (UCHL1, eBioscience), CD8 (BW135/80, Miltenyi Biotec) 

and CD19 (LT19, Miltenyi Biotec). Live cells were gated based on forward by side scatter 

area. Doublets were excluded based on forward scatter height by forward scatter width and 

side scatter height by side scatter width. Live cells were then gated on CD4 staining and cell 

purity following isolation was determined by CD45RA vs. CD45RO staining of the CD4+ 

population. Cell purity for all donors was >95%. T and B cells were cultured in RPMI 1640 

(Mediatech) supplemented with 100 U/ml Penicillin, 100 μg/ml Streptomycin and 10% FBS 

at 37 °C and 5% CO2. T cells were activated with DynaBead Human T-Activator CD3/

CD28 (Invitrogen) for 48 h. DNA and RNA for methylSeq and microarrays were isolated 

from purified cells using an All Prep kit (QIAGEN) following the manufacturer's 

instructions. RNA for RNAseq was purified with Trizol (Invitrogen) following the 

manufacturer's instructions.

Preparation of sequencing libraries and deep RNA sequencing

Purified total RNA was converted to cDNA using the Ovation RNA-seq system (NuGEN) 

followed by S1 endonuclease digestion (Promega) as previously described (27). Digested 

cDNA libraries were then end-repaired and A-tailed. Indexed adapters were ligated, and 

ligation product was purified on Agencourt AMPure XP beads (Beckman Coulter 

Genomics) followed by size selection from 2% agarose. Purified product was amplified with 

15 cycles of PCR followed by size selection from 2% agarose. Libraries were assessed on an 

Agilent Bioanalyzer using a DNA chip and quantitated using the Quant-iT ds DNA BR 

Assay kit (Invitrogen) and a Qubit Fluorimeter (Invitrogen). Cluster generation and 

sequencing on an Illumina GAIIx system was conducted directly with purified libraries 

following manufacturer's instructions. 100 bp single-end reads were generated for naïve and 

memory CD4 T cells from 3 donors with 2 samples per lane.
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RNA sequencing and analysis

For RNA-seq, reads were mapped to hg18 using Tophat (28) with default parameters and 

without specifying splice junctions or transcript definitions. Transcript quantitation was 

performed using Cufflinks (29) in quantitation-only mode (-G) with RefSeq gene models 

downloaded from the Human Genome Browser in GTF format. Genes with expression 

levels of log2(FPKM) < −2 were considered non-expressed. Differential expression between 

sample classes was measured by DESeq (30).

Preparation of bisulfite converted DNA

Bisulfite converted DNA was prepared as previously described (26). Briefly, DNA was 

bisulfite treated using the Epitect Bisulfite kit (QIAGEN) following the manufacturer's 

protocol. Converted DNA was concentrated on Agencourt AMPure XP beads and 

quantitated using the Quant-iT ssDNA Assay Kit (Invitrogen) and a Qubit fluorimeter 

(Invitrogen).

RainDance microdroplet PCR

Microdroplet PCR was conducted as previously described (26). Briefly, 2 μg bisulfite 

converted DNA was merged with the CD4 specific 2100 gene droplet library and amplified 

with 55 cycles of PCR. Following amplification, the droplet emulsion was broken and the 

amplified DNA was purified using a MinElute PCR purification kit (QIAGEN) following 

standard protocols.

Preparation of sequencing libraries and deep bisulfite sequencing

RainDance PCR products were concatenated as previously described (26). Briefly, 400 ng 

microdroplet PCR product was end repaired and concatenated. Concatenated products were 

then fragmented to 200 bp using a Covaris S2. Fragmentation was confirmed on an Agilent 

Bioanalyzer using a HS DNA chip. 10-100 ng of fragmented PCR product was end-repaired 

and A-tailed. Indexed adapters were ligated, and ligation product was purified on Agencourt 

AMPure XP beads followed by size selection from 2% agarose. Purified product was 

amplified with 18 cycles of PCR followed by size selection from 2% agarose. Libraries were 

assessed on an Agilent Bioanalyzer using a DNA chip and quantitated using the Quant-iT ds 

DNA BR Assay kit and a Qubit Fluorimeter. Cluster generation and sequencing on an 

Illumina HiSeq 2000 system was conducted directly with purified libraries following 

manufacturer's instructions. 100 bp single-end reads were generated for 5 naïve and 6 

memory CD4 T cell, 4 CD8 T cell, and 4 B cell with 10 samples per lane. The CD4 T cells 

used for targeted bisulfite sequencing and RNAseq were from different donors, except for 

one that was used for both RNAseq and targeted bisulfite sequencing. The samples used 

from a single donor for both methods were collected at different times but even so there was 

~70% concurrence with differential gene expression using the two different technologies 

(data not shown).

Bisulfite sequencing alignment and analysis

Reads were mapped to hg18, the reference genome from which the amplicons were 

designed, using Novoalign version 2.7 (primer coordinates for hg18 or hg19 available upon 
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request). In bisulfite mode, Novoalign assembles a four-strand index and allows mapping to 

ambiguous bases in the reference genome without penalty; e.g. both CpG and TpG reads 

will map equally to a CpG locus. Reads that overlap an amplicon concatenation junction are 

not expected to map properly; we used the -s parameter to truncate unmapped sequence tags 

to rescue a portion of these reads. Other runtime parameters were set in consultation with the 

vendor; the novoalign command line was:

novoalign -d hg18.bis.nbx -f [fastq-file] -F ILMFQ -b 4 -c 8 -a -h 120 -t 

240 -s 50 -o SAM > [output-file.sam]

The samtools suite and custom perl scripts were used to calculate read depth and percent 

methylation. Percent methylation is defined as # C reads / (#C + #T reads) at each CpG 

locus, determined at the C locus for forward-strand amplicons and the G locus for reverse-

strand amplicons. Where both forward- and reverse-strand amplicons overlapped the same 

CpG locus, excluding primer sequences, both sets of reads were included in the calculation. 

As there was no significant change in the promoter methylation (± 0.1, FDR ≤ 0.1) upon 

activation of CD4 T cells with anti-CD3/CD28 stimulation for 48 h, the activated 

methylation profiles were combined with the resting profiles to take advantage of higher 

sample numbers to determine average CpG methylation across the promoter regions. 

Mapping to functional pathways was conducted using Ingenuity Pathways Analysis 

(Ingenuity Systems).

Microarray sample preparation

Total RNA was amplified and labeled using the Applause WT Amp ST kit (NuGen). 2.5μg 

labeled cDNA was hybridized to Human Gene 1.1 ST arrays (Affymetrix). Raw data was 

Robust Multi-array Average (RMA) normalized and analyzed with Partek Genomics Suite 

(Partek Incorporated).

Cytokine ELISAs

Naïve and memory CD4 T cells were activated as described above for 48 h. Supernatants 

were collected and stored at −80 °C. Cytokine expression was determined using the QPlex 

Human Cytokine Screen IR (16-plex, Quansys) following manufacturers instructions. Plates 

were read on a LI-COR Odyssey imaging system at multiple scanning intensities. Data was 

analyzed using Q-View Software (Quansys). Cytokine expression was background corrected 

by subtracting any signal from media only samples. ELISAs were performed for six donors.

Luciferase reporter assay

Differentially methylated promoter regions for CCL3, IL17A, TOX, AIM2, CD4, and a 

differentially methylated fragment of the CD4 intron 1 were amplified by PCR from 

genomic DNA and the primers listed in Supplemental Table I. The ~1 kb fragments were 

purified using a QIAquick Gel Extraction kit (QIAGEN) and cloned into the pCR 2.1-TOPO 

vector (Life Technologies) following manufacturers instructions. The promoter fragments 

were digested from pCR2.1-TOPO and inserted into the CpG free vector pCpGfree-Lucia 

(Invivogen), replacing the EF1 promoter with the cloned fragments. The CD4 intron 

Komori et al. Page 5

J Immunol. Author manuscript; available in PMC 2016 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fragment was inserted into pCpGfree-Lucia, replacing the CMV enhancer. Purified vectors 

were methylated in vitro using the methylase SssI (New England Biolabs) for 2 hours at 37 

°C followed by purification on a DNA Clean & Concentrate Column (Zymo Research). 

Methylation was assessed by digestion with the methyl-CpG sensitive enzyme HpaII (New 

England Biolabs) and the methyl-CpG insensitive enzyme MspI (New England Biolabs).

Jurkats were transfected with either 0.4 μg methylated or unmethylated vector in triplicate. 

The unmodified pCpGfree-Lucia vector containing the EF1 promoter and CMV enhancer 

was used as a control. Cells were co-transfected with 0.4 μg of the pGL4.13[lucZ/SV40] 

vector (Promega), which contains a firefly luciferase. Cells were allowed to rest overnight 

following transfection followed by stimulation with and without 0.1 μg/ml PMA (Sigma) 

and 0.1 μg/ml ionomycin (Sigma) for 24 h. Supernatant was collected and secreted synthetic 

Renilla luciferase was detected using QuantiLuc (Invivogen). Intracellular firefly luciferase 

was measured with the Bright-Glo Luciferase Assay System (Promega) following 

manufacturer's instructions. Renilla luciferase signals were normalized to the internal firely 

luciferase signal, and this signal was further normalized to the unmethylated vector signal. 

These experiments were performed at least 3 times for each differentially methylated region. 

Significance was determined using a paired 2-tailed Student's t-Test.

Results

Selection of the candidate genes for CpG methylation profiling

To fully understand the role of CpG methylation in differentiation of CD4 T cells, it would 

be optimal to assess the methylation status of all CpGs using whole genome bisulfite 

sequencing. However, that approach is cost prohibitive and bioinformatically challenging. 

To reduce both cost and complexity, we interrogated the promoter CpG methylation status 

of ~2,100 genes in a targeted fashion using microdroplet PCR coupled with bisulfite 

sequencing (methylSeq) (26, 31). The microdroplet PCR system allows for 1.5 × 106 

separate amplifications in less than an hour in a single reaction (32). Moreover, microdroplet 

PCR significantly reduces amplification bias (32, 33) creating an ideal platform for 

designing a primer library for targeted CpG studies. At the time these studies were designed, 

we could optimally target ~3,500 amplicons (~2,000 genes) in one library based on the 

primer selection guidelines we previously developed for bisulfite converted DNA (26).

As we could only target approximately 2,000 genes, it was critical that the selection process 

was informed by function and differential expression in naïve and memory CD4 T cells at 

rest and following 48 h of activation as outlined in Figure 1a. To select genes for promoter 

methylation study, RNAseq expression data from memory and naïve CD4 T-cells at rest 

(T0) and 48 h following activation (T48) were filtered and sorted according to the 

normalized log fold-change, false discovery rate (FDR, (34)), and promoter CGI status. All 

genes were filtered to those with a FDR ≤ 0.01 for consideration. For each subset, genes 

with a minimum ± 1.5-fold change in expression were considered to be up- or down-

regulated. Taking three contrasts (naïve vs. memory at T0, naïve at T0 vs. naïve at T48, and 

memory at T0 vs. memory at T48) into consideration, 7,987 genes were found to be 

differentially expressed in one or more categories. These genes were mapped to literature-

based functional networks. To enrich our analysis for functionally important molecular 
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networks during T cell activation, all genes corresponding to pathways with 10 or more 

molecules per network were chosen. While many networks identified were linked directly to 

immune function and inflammation, others were centered upon cell cycle, proliferation and 

cell signaling (data not shown). Networks were not selected solely based upon documented 

involvement in T cell regulation or function, but instead were selected based on the 

differential expression patterns revealed in our RNAseq experiments in order to avoid bias.

At the time we designed these studies, the general principle in the field was that CGI were 

the dominant target for CpG methylation-induced regulation of gene transcription (20, 23, 

35). Indeed, ~70% of gene promoters contain CGI (36) and 82% of the 7,987 genes 

contained promoter CGI. Considering this result and the fact that our first studies 

demonstrated the expected strong correlation between methylation status and gene 

expression of CGI-containing promoters (26), the primer library developed for this study 

was purposely skewed towards CGI-containing genes (90% CGI and 10% no CGI). 

Ultimately, 1,795 differentially expressed genes with promoter CGI and 195 differentially 

expressed genes without a promoter CGI were selected for targeted bisulfite sequencing to 

determine if their differential expression in naïve and memory cells was regulated by 

promoter methylation. Additionally, 138 genes with a promoter CGI but not differentially 

expressed between any of the contrasts were selected for inclusion in the targeted primer 

library as a negative control to assess the impact of promoter methylation. In the case of the 

138 genes without differential expression, any differential methylation would have no 

impact on gene expression. As our initial studies showed that CGI-containing promoters 

were either 0-20% or 80-100% methylated (26) we chose to target only up to 200 bp of the 

promoters containing CGI even if the mapped CGI was larger. For genes without a promoter 

CGI, regions 1 kb up- and downstream of the transcriptional start site (TSS) were targeted 

for amplification. The final primer library consisted of 3,519 primer pairs targeting 2,128 

genes and 77,674 individual CpGs. Network analysis mapped the 2,128 targeted genes to 

over 50 networks, the top 20 of which are shown in Figure 1B.

Analysis as a function of mean promoter CpG methylation

Following bisulfite conversion, targeted amplification, and sequencing, we successfully 

mapped 76 ± 21% of the 8.3 ± 2.9 million raw reads to the genome. 64 ± 10% of these 

mapped to the specific regions targeted by our microdroplet library. 55,707 of 77,674 (72%) 

of the targeted CpGs had a minimum read depth of 25 reads across all samples, which was 

the minimum number of reads chosen to allow for both confident calling of the methylation 

status and broad coverage across the chosen amplicons. As the targeted genes were selected 

based solely upon expression in CD4 T cells, it was of interest to determine if these genes 

are specific to CD4 T cells or if they were more broadly expressed in other immune subsets. 

CpG methylation status was averaged across the targeted regions and compared between 

resting and activated CD4 naïve and memory T cells as well as resting B cells and resting 

CD8 T cells.

By pooling the data for samples, the majority of genes demonstrated either 0-20% or 

80-100% methylation consistent with our original data using this approach (26) or they 

demonstrated no significant differences as a function of cell type (change in methylation < ± 
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0.1; FDR > 0.1; Fig. 2A). Both of these classes of genes were excluded from further 

analysis, as we were only interested in identifying genes with CD4 memory-specific CpG 

methylation. The remaining 188 genes allowed us to discriminate all four cell types 

including naïve vs. memory CD4 (Fig. 2B). Even though there was clearly an epigenetic 

signature for naïve vs. memory CD4 T cells, the next important observation was that within 

each CD4 cell type methylation did not change within 48 hours of activation. Mapping the 

function of these genes revealed that the differential methylation of memory CD4 T cells is 

linked to genes with immune function rather than genes with general functions such as cell 

cycle (Fig. 2C). In particular, these genes populated networks involved in cell activation, 

chemokines and leukocyte trafficking.

A closer look at the methylation patterns specifically in the CD4 T cell populations 

demonstrated that 40 genes (Fig. S1A) are differentially methylated (change in methylation 

≥ ± 0.1, FDR ≤ 0.1) and define the epigenetic differences between naïve and memory CD4 T 

cells in the context of the genes we profiled. These genes mapped to only two networks 

involved in inflammatory responses, cell-to-cell signaling, cellular movement, and 

development (Fig. S1B).

In our initial study based on a 50 gene library, genes containing a promoter CGI displayed a 

bimodal methylation profile of being either 80-100% or 0-20% methylated, with the 

majority of CGI-containing genes being 0-20% methylated (26). While the majority of CGI-

containing genes interrogated with the new 2100 gene library were unmethylated in memory 

CD4 T cells, the distribution was not bimodal, as there were many genes displaying 

intermediate levels of methylation (Fig. 2D). In the case of the genes without promoter CGI, 

where a more inclusive region surrounding the TSS was targeted, the distribution of average 

methylation is even more diffuse with many genes displaying an intermediate level of 

methylation (Fig. 2E). Therefore, the key point is that methylation of these regulatory 

regions is not a dichotomous state. Thus, we next determined how different degrees of 

promoter methylation mapped to the individual CpGs and how that impacted gene 

expression.

Individual CpG Methylation Analysis

While assays such as DNA methylation arrays and methylation-sensitive restriction enzyme 

digests have provided invaluable insight into the role of DNA methylation in controlling 

gene expression, they are limited in that they lack single base resolution. The sequencing 

based method employed in our study can examine the roles of individual CpGs in each of 

the targeted regions. When methylation at individual CpGs is considered, 464 CpGs 

representing 132 genes are differentially methylated between memory and naïve CD4 T 

cells. Again, samples clustered by cell type (naïve vs. memory, Fig. 3A). There is also no 

significant change in methylation after 48 h of activation as demonstrated by the failure to 

cluster on this basis. The majority of these genes mapped to 6 networks (Table I) linked to 

cell-to-cell signaling, cellular movement and immune/inflammatory responses. These are 

basically the same functions mapped above to the 40 differentially methylated genes defined 

by average CpG methylation, though we tripled the number of genes to study by analyzing 

individual CpG status. Of the 132 differentially methylated genes, 33 had increased 
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methylation in memory cells, 87 had decreased methylation, and 12 had promoters with 

CpGs demonstrating both increased and decreased methylation. As shown in Fig. 3B, the 

majority of these CpG are relatively less methylated in memory cells.

Seventy-four of the 132 differentially methylated genes (56%) do not contain promoter 

CGIs and 58 (44%) have promoter CGIs (Table II). Of 1,954 genes profiled with CGI-

containing promoters, only 156 (8%) demonstrated any significant CpG methylation. 

However, of the CGIs differentially methylated in memory cells, we observed increased 

methylation in 23 of the 58 genes (40%) and decreased methylation in 32 (55%). In contrast, 

of the 206 genes with promoters without a CGI, nearly all are relatively less methylated in 

memory cells. These differences between CGI and non-CGI methylation reveals the 

importance of examining these two classes of CpG-containing promoters separately in the 

context of mapping epigenetic regulation of memory T cell agendas.

Memory cells demonstrate more variable methylation and functional heterogeneity

Regardless of CGI content, the changes in methylation between memory and naïve CD4 T 

cells are not dichotomous, i.e. either 0% methylated in one subset and 100% methylated in 

the other subset (Fig. 3B). Such intermediate levels of methylation could be explained by the 

fact that the memory pool is composed of multiple CD4 T cell subsets (Th1, Th2, etc). Thus, 

multi-analyte cytokine ELISAs were performed to determine the cytokine milieu of the 

activated naïve and memory CD4 T cells that we profiled. Activation of these cells with 

anti-CD3/CD28 beads for 48 h resulted in the naïve and memory cells expressing IFNγ, 

IL-4, IL-5, IL-13, IL-17A and TNFα (Fig. 3C). Both subsets of cells also produced levels of 

IL-2 that saturated the assay (data not shown). These findings demonstrate that by 48 h post-

activation the primary naïve and memory cells are both making a diverse set of cytokines 

and interestingly, the same cytokines. Thus, naïve cells when robustly activated can make 

many different cytokines but the maturation to memory phenotypes subsequently creates the 

currently known CD4 T cell subsets.

IL-13 and IL-17A were found to have decreased methylation in at least one CpG (4/18, and 

3/3 respectively) in memory cells compared to naïve, suggesting that promoter 

hypomethylation may be linked to a faster induction of expression of IL-13 and IL-17A in 

memory CD4 T cells. The minimum threshold for read depth for the promoter regions of 

IL-5, TNFα and IFNγ was reached for 2 donors sequenced at higher depth. These donors 

demonstrated that IL-5 is differentially methylated between naïve and memory cells at 4/7 

CpGs and that the single covered CpG for TNFα was 40% methylated in resting naïve cells 

13% methylated in resting memory cells (data not shown). For IFNγ, resting memory cells 

were 50% methylated at 6/7 total CpGs compared to nearly 100% methylated in naïve cells 

(Fig. 3D). Consistent with previous studies demonstrating a strong correlation between 

hypomethylation of the IFNγ promoter and expression of IFNγ (8, 9, 21), our results support 

the conclusion that CpG methylation accounts for the ability of memory CD4 T cells to 

induce IFNγ, the key Th1 cytokine, faster than naïve cells.

Previous studies have shown rapid demethylation (within 6 hours of stimulation) of cytokine 

promoters following T cell activation (5, 6, 17). We examined 17-targeted cytokine and 

chemokine promoters comprised of 165 individual CpGs that were covered with sufficient 
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read depth in two donors for naïve CD4 T cells. This analysis revealed that only 21 of 165 

(13%) individual CpGs demonstrated a change in methylation >10% following activation for 

48 h, with the largest change being ~20%. These individual CpGs mapped to 7 genes 

(CCL4, CCL22, CCL3, IL16, IL17F, IL32 and IL8) with the majority of differential 

methylation being decreased at 48 h post-activation (Supplemental Table II). In some cases, 

such as IL16 and IL17F, a change in methylation is only seen for a single CpG while there 

were many CpGs that did not change in the promoter region. The impact of a change in 

methylation of a single CpG is unclear but there are examples where such a change is 

biologically significant (18). Moreover, mRNA levels for 6 of 7 were significantly 

upregulated with activation (exception IL16, Table II and data not shown). Thus, the impact 

likely depends on the precise location of the CpG in relation to transcription factor/repressor 

binding sites and also on the context of histone modifications. These findings suggest that 

while some cytokines may rely on rapid demethylation of promoter CpGs, others do not. A 

more thorough study of cytokine promoters at various times following T cell activation is 

required to determine which cytokines rely on CpG demethylation for rapid activation and 

gene transcription. Indeed this is exactly the kind of study that our targeted CpG methylation 

sequencing is ideally suited to do.

CpG methylation correlates with differential gene expression between naïve and memory 
CD4 T cells

It cannot be assumed that CpG methylation explains all the differences in gene expression 

defining naïve vs. memory CD4 T cells. Thus, it is important to identify which genes are 

regulated by DNA methylation. To this end, global gene expression profiling was conducted 

by microarray for all samples. In agreement with previous studies (3), an inverse association 

was found between average promoter methylation and gene expression (Fig. 4A). This 

relationship was true for both classes of genes profiled (e.g. CGI-containing and no CGI). 

The negative association seen between methylation of CGI-containing genes and low 

expression also suggests that we are accurately profiling the impact of CGI methylation. 

However, even with our selection for differentially expressed genes, we discovered that the 

vast majority of the CGI-containing promoters are unmethylated in CD4 T cells. Therefore, 

the expression of all these genes cannot be explained by CpG methylation in the regions that 

we studied. With respect to non-CGI regulation, there are 10 genes that demonstrate both 

high methylation and high gene expression in at least one condition (naïve resting, naïve 

activated, memory resting, memory activated), suggesting that promoter methylation does 

not regulate expression for these genes. In particular, IL1A, IL-16, IL-17F, IL-23A, IL1R2, 

and IL1RN (all non-CGI genes) were found to be highly methylated but highly expressed in 

at least one condition (naïve resting, naïve activated, memory resting, or memory activated). 

These genes represent >25% of the targeted cytokine related genes.

Next, we evaluated how many genes that differ between naïve and memory CD4 T cells are 

regulated by CpG methylation. By average methylation, 8 genes (3 CGI and 5 no CGI) 

showed differential methylation (± 0.1, FDR < 0.1) and differential gene expression (± 1.5x 

fold change, p < 0.005) between memory and naïve CD4 T cells at rest (Fig. 4B). The 

majority of these genes (6/8, 75%) demonstrated decreased methylation and increased gene 

expression in memory cells.
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Taking methylation of individual CpGs into account, 21 genes were identified to have both 

differential methylation and gene expression between memory and naïve CD4 T cells at rest 

(Fig. 5A and Table II). This is over twice the number of genes identified by average 

methylation across the promoter, demonstrating many genes that are potentially regulated by 

DNA methylation are missed by technologies that measure average methylation. An average 

of 20 CpG (range 2-59) were assayed for each of these 21 genes. The majority (18/21) 

conformed to the negative relationship predicted between methylation and mRNA 

expression. Note that 2 genes demonstrated a mix of CpG methylation changes (up and 

down) in their promoters and in both cases demonstrated increased gene expression in 

memory cells. The top biological functions associated with these genes are all linked to 

inflammatory signaling. In particular, 14 of these genes mapped to a single network centered 

on TCR, TLR3 and NFκB (Fig. 5B).

Of the 132 genes with differential methylation between naïve and memory cells for at least 

one CpG, 84 genes demonstrated differential gene expression (p < 0.005, FC ± 1.5X) 

between resting and activated states or between activated memory and activated naïve cells 

(Table II). For example, a number of chemokines (CCL5, CCL2, CCL3, CCL20, and 

CCL22) and cytokines (IL-13, IL-17A, IL-22) have decreased methylation in memory CD4 

T cells and increased gene expression upon activation (Fig. S2). None of these genes contain 

a promoter CGI. While expression of IL-13 (37, 38), IL-17A (19), CCL2 (39) and CCL20 

(40) have been previously shown to be negatively impacted by promoter CpG methylation, 

to our knowledge, this is the first data linking DNA methylation to the regulation of 

expression of IL-22, CCL3, CCL22, TLR3 and TLR6. TNFSF14 (LIGHT) is another 

interesting molecule revealed in this analysis to be less methylated in memory and correlated 

with significantly increased gene expression. These results are consistent with the pivotal 

role proposed recently for TNFSF14 in maintaining antigen-specific memory T cells after 

re-exposure to antigen in a mouse model (41).

To validate the effect of promoter methylation on gene expression, luciferase reporter 

constructs were developed for 5 genes (AIM2, CCL3, CD4, IL17A and TOX) that 

demonstrated clear correlations between promoter methylation and gene expression. We also 

chose to look at the effect of methylation in the first intron of CD4 as we saw differences in 

methylation in this region between naïve and memory CD4 T cells. Unmethylated or in vitro 

SssI-methylated reporter vectors were transiently transfected into Jurkat cells, and luciferase 

expression was measured with and without activation by CD3/CD28 crosslinking. 

Methylation of the CD4 intron had no impact on luciferase expression, suggesting that 

methylation in this region does not affect gene expression. Luciferase expression driven by 

methylated IL-17A, TOX, and AIM2 promoters was reduced by at least 80% at rest and 

following activation compared to the unmethylated promoters (Fig. 6). Similarly, CCL3 

promoter-driven luciferase expression was significantly reduced upon methylation following 

activation, and the methylated CD4 promoter driven expression was reduced at rest (Fig. 6). 

These findings further validate the impact of promoter methylation on gene expression.
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Revealing the landscape of individual CpG methylation

The single base resolution achieved by high throughput bisulfite sequencing allowed us to 

assess the distribution of CpG methylation in relationship to the TSS. To further address the 

question of an epigenetic methylation landscape, we focused on genes without a promoter 

CGI for which we interrogated methylation status of CpGs within 1 kb up- and downstream 

of the TSS. Methylation status was measured at 1,421 CpG sites for the 74 non-CGI genes 

with differential methylation between memory and naïve CD4 T cells (Fig 7A). As shown in 

Table II, 53 (72%) of these genes also show differential gene expression either in the resting 

or activated states. In landscape terms, the CpGs with decreased methylation were fairly 

evenly distributed along the entire 2 kb region (Fig. 7B), while CpGs with increased 

methylation were predominantly distributed upstream of the TSS (Fig 7C).

Discussion

Here, we report targeted CpG DNA methylation profiling in human naïve and memory CD4 

T cells from healthy, normal donors. This study focused on promoter regions from 2100 

genes with established biological functions and for which we had demonstrated differential, 

activation-induced expression by RNAseq comparing naïve and memory cells. Using 

targeted microdroplet PCR coupled with methylSeq, we identified over 400 unique DNA 

methylation differences defining naïve and memory CD4 T cells. We have successfully 

validated our first report of this method (26) and expanded the targeted CpG region 

sequencing from 50 to 2100 genes. Thus, any investigator can take advantage of this 

protocol to interrogate a model system and/or selection of genes mapping to biologically 

relevant pathways.

In agreement with previous studies, a negative relationship between average methylation 

and gene expression was observed. Moreover, concurring with a recent report in neonatal 

CD4 T cells (22), immune activation with anti-CD3/CD28 did not reveal any immediate 

changes in DNA methylation within 48 h of activation despite literature suggesting such 

changes occur in several genes including IL-2 (6, 17) and IFNγ (21). In the case of human 

IFNγ, modest demethylation of a few CpG in the CNS-1 and promoter regions was observed 

within 16 h of stimulation of naïve CD4 cells, with more robust demethylation apparent by 

48-70 h concurrent with cell division (21). While we are unable to address the question of 

demethylation of the IFNG promoter as the targeted regions did not reach sufficient read 

depth in our analysis, high depth analysis of unstimulated naïve and memory cells from two 

donors showed that CD4 memory T cells are hypomethylated compared to naïve, suggesting 

that the demethylation of the IFNG promoter upon differentiation into effector cells is 

maintained following development of a CD4 memory phenotype. Interestingly, studies in 

murine CD8 T cells have demonstrated that the IFNG promoter and enhancer is 

hypermethylated in memory cells compared to effector cells, but is rapidly demethylated in 

response to antigenic stimulation (42, 43). Such differences between epigenetic regulation of 

single genes in CD4 and CD8 T cells highlights the importance of cell specific 

transcriptional regulation. Moreover, many studies have identified dynamic methylation 

changes which occur during T cell differentiation into effector and memory populations in 

both CD4 and CD8 T cells, including changes in regulatory regions of PD-1, CCR6, and 
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RORC, GZMB, perforin and many cytokines (44-47). Our study confirms many of these 

observations including the hypomethylation of RORC (48) in memory CD4 T cells and 

GZMB (49) in effector CD8 T cells.

Other studies demonstrated that antigen specific stimulation of murine CD8 T cells (50) and 

memory CD4 T cells had little effect on promoter methylation (7), consistent with our 

results. In the CD8 T cell study, it was shown that IL-7Rα expression was linked to 

promoter hypomethylation in naïve cells, while IL-7Rα negative memory cells have 

promoter hypermethylation. However, downregulation of IL-7R transcription occurring 

rapidly after TCR signaling did not correspond to immediate changes in promoter 

methylation. In the memory CD4 T cell study, Hashimoto et al. observe significant 

activation-induced differential methylation in enhancer regions, areas outside the design of 

our targeted sequencing. Thus, remodeling of the methylation landscape appears to occur 

following TCR ligation in this mouse model. Similarly, comparing conventional CD4 T 

cells to regulatory T cells also demonstrates differentially methylated regions localize to 

promoter distal sites such as enhancers (23) and a genome-wide methylome study in CD8 T 

cells found enrichment of differentially methylated regions in cis-elements such as active 

enhancers (49). One advantage of our targeted sequencing method is that we can easily 

redesign our primer library to include enhancer regions and test this hypothesis in human 

CD4 T cells. Despite our original assumption that profiling of CGI would be most revealing, 

we discovered that the majority of CGI were not methylated in CD4 T cells and many of the 

significant methylation differences appear to be in the 2 kb regions up and downstream of 

the TSS of non-CGI-containing genes. Moreover, differential methylation associated with 

gene expression during lymphoid differentiation is more strongly correlated with CGI shores 

(+/− 2 kb of an island) than with CGI themselves (51). As already noted, extending our 

design to include additional regions such as enhancers and CGI shores further upstream of 

the TSS might significantly expand our findings.

Bisulfite sequencing has the major advantage of providing single base resolution, and as 

such, is the gold standard for methylation studies. When average methylation across the 

entire targeted region was considered, only 40 genes were identified as being differentially 

methylated between naïve and memory CD4 T cells. However, 132 genes had differential 

methylation of at least one targeted CpG between naïve and memory CD4 T cells. These 

results suggest that methods that account for only average methylation (MeDIP, 

methylArrays, etc) are potentially underreporting the number of genes with changes in 

methylation. It also underlines the value of thinking in terms of epigenetic landscapes rather 

than simply as a dichotomous view of a whole region being in one methylation state. 

However, the impact of differential methylation from a few single CpGs upon gene 

expression is still unclear, and we believe it is likely to be highly dependent on the location 

of the CpG in relation to the TSS, as well as transcription factor and enhancer binding sites. 

In this context, our analysis in Figure 6 shows that the majority of increased methylation 

changes are upstream of the TSS.

While several of the genes demonstrating both differential methylation and differential gene 

expression between naïve and memory CD4 T cells have been ascribed to having higher 

expression or function in memory or activated CD4 T cells (i.e. IL18R1 (52), NOD2 (53), 
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FLT1 (54), CCL3, CCL5 (55), ITGB7 (56)), many have not been linked specifically to 

either subset in the literature (AIM2, EMP1, ANK3, MPEG1; Table II). To obtain a more 

complete understanding of which functions might be regulated by CpG methylation as 

revealed in our data, functional pathway mapping was conducted. Most of the 132 genes 

with differential methylation by CD4 subset mapped to three significant literature and 

function-based networks centered on: 1) TCR and TLR3 signaling (Fig. 5), 2) NFκB and 

p38 MAPK (Fig. S2) and 3) JNK and Akt (Table I).

TLR3 recognizes dsRNA and is located on endosomal membranes (57). Previous studies 

have shown that TLR3 is costimulatory for CD4 T cells (58, 59) and activation through both 

CD3 and TLR3 leads to expression of IL-17A, IL-21 (59), CCL3, CCL4, CCL5 and 

granzyme B (58). While TLR3 signaling is not sufficient to induce proliferation of T cells 

with anti-CD3, the addition of a TLR3 stimulus enhances CD3/CD28 costimulation-induced 

proliferation (58). While no exogenous TLR3 stimulus was added in these studies, we 

observed induction of IL-17A, CCL3, CCL5 and granzyme B upon activation with anti-

CD3/CD28, similar to what has been previously reported following costimulation with 

TLR3 ligands. These findings suggest that the downstream TLR3 signaling pathway may be 

activated, possibly by recognition of an unidentified endogenous ligand that is induced upon 

activation such as duplexed RNA.

One of the genes with the greatest differential methylation and the greatest differential gene 

expression between naïve and memory T cells at rest is AIM2 (absent in melanoma 2). 

AIM2 is found in the cytoplasm and forms a caspase 1-activating inflammasome upon 

recognition of dsDNA in macrophages (60, 61). While AIM2 has been characterized in 

macrophages (61, 62), epidermal cells (63), and numerous cancers (64-66), its function in T 

cells has not been recognized. IFNγ is known to induce AIM2 expression (67) and could be 

responsible for the activation of AIM2 in CD4 T cells. As both TLR3 and AIM2 are nucleic 

acid sensing receptors, it is intriguing to consider the impact that fragments of DNA and 

RNA duplexes may be having on T cell activation. Recent studies showed that human CD4 

T cells undergo inflammasome driven pyroptosis during non-productive HIV infection (68). 

While AIM2 is not responsible for inflammasome formation with HIV, these studies 

demonstrate that inflammasomes, typically associated with innate immunity, are intact and 

functional in CD4 T cells (69). During activation of T cells in vitro there is a large amount 

of cell death. This cell death would result in release of endogenous dsRNA in the form of 

stem loop duplexes and DNA being accessible to contribute to T cell activation through 

TLR3 and AIM2. In vivo, there is also abundant cell death at sites of inflammation and cell 

injury as well as during the contraction phase following activation of T cells. Thus, further 

study of the role of TLR3 and AIM2 in controlling T cell proliferation and apoptosis under 

these conditions is warranted and underway.

While the majority of genes with differential methylation between memory and naïve cells 

did not contain a CGI, we identified 46 genes that contained a CGI and demonstrated 

differential methylation. The definition of a CGI is a region dense in CpG and these are 

largely unmethylated (70). Other recent studies have demonstrated CGIs that are 

constitutively or differentially methylated (71-73). As more work analyzing CpG 

methylation at genome scale has been conducted, the importance of CpG outside of 
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classically defined CGI in regulating gene expression has been recognized (7, 23, 51, 73). 

Moreover, our analysis of the CpG methylation landscape around the TSS for non-CGI 

genes demonstrated that there is a complex landscape of differentially methylated CpGs. 

This raises the question of the impact of both non-CGI and intragenic CpG methylation on 

gene expression. Several studies have been conducted that examine CpGs across the entire 

genome (73-75) or that classify DNA by CpG content (76). Additionally, many studies have 

demonstrated CpG methylation driven regulation of many immune genes that do not contain 

CGI, including IL-2 (6, 18), IL-4 (9, 10), IL-7R (50), IL-17A (1, 19) and IFNγ (8, 9). 

Coupled with our findings, such studies emphasize the important role of DNA methylation 

in non-CGI containing regions in regulating gene expression, suggesting that one must look 

beyond CGI to fully understand the impact of CpG methylation on transcriptional regulation 

in any cell.

While the precise mechanism of methylation induced transcriptional regulation is unclear, 

one hypothesis is that DNA methylation in promoter regions may inhibit initiation of 

transcription through various mechanisms (3). While small-scale gene studies provide 

important insights into transcriptional regulation, they cannot address how transcriptional 

networks act in concert with epigenetic regulation to control complex processes such as 

differentiation, activation and disease progression. The advent of complementary high 

throughput technologies (ChIPseq, MethylSeq, etc (77)) has allowed investigators to begin 

to address such sophisticated biological questions. Genome wide studies of histone 

modifications have led to the hypothesis that histone modifications play a larger role in 

repression of CGI containing genes (78), suggesting that CGI and non-CGI containing genes 

are regulated by different epigenetic mechanisms. The strong negative correlation we 

observed between DNA methylation and gene expression in non-CGI containing promoters 

suggests that a high density of CpG methylation is not required to accomplish such 

regulatory function. For example, a methylated CpG in a transcription factor binding motif 

may be sufficient to inhibit transcription factor binding thereby inhibiting mRNA synthesis. 

Many studies, including the ENCODE project (79, 80), have mapped transcription factor 

binding sites and histone modifications for many cell types (47, 81-85) and this data can 

now be used to align dynamic DNA methylation changes with other regulatory mechanisms 

to better understand the complex landscape of transcriptional control.

While our current primer library was focused primarily on CGI-containing genes, a new 

study with a primer library spanning a greater breadth of non-CGI genes and enhancer 

regions will further refine the roles of CpG methylation landscapes in memory CD4 T cells. 

We are paralleling this targeted profiling in the next work by also expanding to global 

genome-wide CpG methylation of CGI and their shores and shelves using a new generation 

of methyl capture protocols.

The objective of this study in targeted CpG methylation profiling of naïve and memory CD4 

T cells was to understand the role of CpG methylation in determining the activation-induced 

gene expression repertoire of these two primary subsets of human CD4 T cells. Together 

with previous single gene and high throughput studies in mouse and human CD4 and CD8 T 

cell differentiation, this work confirms the importance of DNA methylation in regulating 

gene transcription and reveals a set of unique epigenetic signatures that map to a relatively 
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small number of defined networks that define naïve vs. memory CD4 T cells. Differential 

gene expression of the majority of CGI-containing genes is not directly determined by the 

methylation status of the CGI, the majority of which are unmethylated. In contrast, the 

methylation status for 28% of the non-CGI genes we selected did correlate. These results 

suggest that there is an evolutionary bias to regulating immune pathway genes without CGI 

in CD4 T cells by CpG methylation. Interestingly, profiling these same genes in CD8 T cells 

and B cells reveals unique differences for each cell type, demonstrating that differentiation 

of lymphoid progenitors to mature subsets involves epigenetic choices that can be studied by 

targeted CpG profiling. Finally, our targeted, function-based approach clearly links 

differential CpG methylation between naïve and memory CD4 T cells to a large number of 

critically important signaling networks underlining the immunological significance of 

epigenetics.
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Figure 1. 
Selection and curating of 2100 genes for targeted microdroplet PCR. (A) Criteria for 

selection of the 2100 genes for targeted microdroplet PCR. (B) Top functions of the selected 

2100 genes. RNAseq was performed on samples from 6 donors.
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Figure 2. 
Average CpG methylation across multiple immune cell subsets. (A) Variation in average 

methylation across naïve and memory CD4 T cells, CD8 T cells and B cells. Red line 

indicates a standard deviation of 0.05 across all samples. (B) Hierarchical clustering of 

methylation status. Samples are labeled with cell subset, donor identifier (numerical value), 

and time point following activation (0 or 48 h). (C) Network analysis of the genes with 

differential methylation between naïve and memory CD4 T cells. (D) Distribution of 

average promoter methylation in memory CD4 T cells with a CGI. (E) Distribution of 

average promoter methylation in memory CD4 T cells without a CGI. Data are 

representative of ≥ 3 donors.
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Figure 3. 
Analysis of methylation at individual CpGs in CD4 T cells. (A) Hierachical clustering of 

individual CpG methylation in CD4 T cells. Samples are labeled with cell subset, donor 

identifier (numerical value), and time point following activation (0 or 48 h). (B) Differential 

methylation between memory and naïve CD4 T cells. (C) Cytokine expression by naïve and 

memory cells activated for 48 h. Data are representative of 6 donors (symbols represent 

different donors, red lines represent average signal). (D) Promoter methylation of IFNγ for 

naïve (open circles, dashed line) and memory (filled squares, solid line) CD4 T cells. The 

filled diamond marks the TSS and the arrow indicates directionality of transcription. Data 

are representative of 2 donors.
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Figure 4. 
Promoter CpG methylation is inversely associated to gene expression. (A) Relationship 

between average promoter methylation and gene expression. Genes were sorted by log2 

normalized expression data (RMA) values into 4 bins: not expressed (RMA 0-6, grey), low 

expression (RMA 6-8, diagonal stripes), medium expression (RMA 8-10, white) and high 

expression (RMA 10-14, horizontal stripes). Samples were then separated into three 

different levels of CpG methylation: 0-10%, 10-80% and 80-100% and the results for the 

CGI-contained and non-CGI genes are shown separately. Student's t-test p-values: **, P < 

0.01; *, P < 0.05. (B) Genes with both differential average methylation (grey) and RNA 

expression (black) between naïve and memory cells at rest. Data are representative of ≥ 3 

donors.
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Figure 5. 
21 genes have differential methylation at individual CpGs and differential gene expression. 

(A) Promoter methylation is grouped into three categories, decreased methylation (black), 

increased methylation (white) or promoters containing at least one CpG with decreased 

methylation and one CpG with increased methylation (grey). (B) 14/21 genes populate a 

single network identified by IPA. Grey molecules are those identified to have differential 

methylation. Data is representative of ≥ 3 donors.
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Figure 6. 
Effect of methylation on luciferase expression for 5 genes with differential methylation. 

Jurkats were transiently transfected with methylated and unmethylated reporter vectors with 

and without activation with anti-CD3/CD28 beads. EF1 represents a control promoter that 

contains no CpG sites and therefore cannot be methylated. * indicates a Student's t-test p-

value < 0.01. Data is representative of ≥ 3 experiments.
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Figure 7. 
Differential methylation is evenly distributed across the 2 kb of sequence targeted for no 

CGI genes. (A) Distribution of CpG and methylation states (memory vs naïve) in relation to 

the TSS. Red indicates CpGs with differential expression (± 0.1 or greater). (B) Histogram 

of the distribution of CpG with significantly decreased methylation in memory cells 

compared to naïve. (C) Histogram of the distribution of CpG with significantly increased in 

memory cells compared to naïve. Data is representative of ≥ 3 donors.
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