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Abstract

DNA methylation is an epigenetic mechanism that modulates gene expression in mammalian cells 

including T cells. Memory T cells are heterogeneous populations. Human effector memory (EM) 

CD8+ T cells in peripheral blood contain two cell subsets with distinct traits that express low and 

high levels of the IL-7 receptor alpha chain (IL-7Rα). However, epigenetic mechanisms involved 

in defining such cellular traits are largely unknown. Here we employ genome-wide DNA 

methylation and individual gene expression to show the possible role of DNA methylation in 

conferring distinct traits of chemotaxis and inflammatory responses in human IL-7Rαlow and high 

EM CD8+ T cells. In particular, IL-7Rαlow EM CD8+ T cells had increased expression of CX3C 

receptor 1 (CX3CR1) along with decreased DNA methylation in the CX3CR1 gene promoter 

compared to IL-7Rαhigh EM CD8+ T cells. Altering the DNA methylation status of the CX3CR1 

gene promoter changed its activity and gene expression. IL-7Rαlow EM CD8+ T cells had an 

increased migratory capacity to the CX3CR1 ligand fractalkine compared to IL-7Rαhigh EM CD8+ 
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T cells, suggesting an important biological outcome of the differential expression of CX3CR1. 

Moreover, IL-7Rαlow EM CD8+ T cells induced fractalkine expression on endothelial cells by 

producing IFN-γ and TNF-α, forming an autocrine amplification loop. Overall, our study shows 

the role of DNA methylation in generating unique cellular traits in human IL-7Rαlow and high EM 

CD8+ T cells, including differential expression of CX3CR1, as well as potential biological 

implications of this differential expression.

Introduction

DNA methylation is a type of epigenetic mechanism that can be maintained during cell 

division and propagated to daughter cells (1–3). DNA methylation can affect the 

accessibility of DNA to transcription factors and RNA polymerases, leading to the 

modulation of gene expression (2, 3). In mammals, DNA methylation is found at cytosines 

within CpG dinucleotides. DNA methyltransferases (Dnmts) regulate this process by adding 

methyl groups to cytosines (4). In general, DNA hypomethylation is associated with active 

gene expression while DNA hypermethylation is related to decreased gene expression (4). 

DNA methylation has an important role in the differentiation of CD4+ T cell subsets. 

Hypomethylation of the IFNG gene was found in human CD4+ T helper (Th) 1 cells with 

the capacity to produce IFN-γ (5). Similarly, hypothmethylation of the il4 gene occurred 

during the development of mouse Th2 cells that produced high levels of IL-4 (6) while the 

ifng gene became rapidly demethylated in memory, but not naive CD8+ T cells, upon 

activation in mice (7). Also, DNA methylation has been implicated in globally regulating 

antigen-specific effector CD8+ T cell function following acute lymphocytic 

choriomeningitis virus infection (8).

IL-7, a member of the common cytokine-receptor γ-chain family of cytokines, is produced 

by multiple stromal cells, including epithelial cells in the thymus and bone marrow (9). IL-7 

is essential in the development and maintenance (homeostasis) of naïve and memory CD8+ 

T cells by promoting cell survival (10–13). The effect of IL-7 on T cells is controlled by the 

expression of the specific receptor (R) for IL-7 that is composed of two chains: the high 

affinity IL-7Rα chain (CD127) and the common cytokine γ chain (γC) (CD132) (10, 11). In 

mice, compared to cells with low levels of IL-7Rα expression, effector CD8+ T cells with 

high levels of IL-7Rα expression survived better and became memory CD8+ T cells during 

microbial infections (10, 11)

Previously, we reported two unique subsets of effector memory (CCR7−, EM) CD8+ T cells 

that expressed low and high levels of IL-7Rα (IL-7Rαlow and high) in human peripheral 

blood (14). Compared to IL-7Rαhigh EM CD8+ T cells, IL-7Rαlow EM CD8+ T cells were 

highly antigen-experienced cells with limited T cell receptor (TCR) repertoire and decreased 

expression of the co-stimulatory molecules CD27 and CD28 (14). Also, IL-7Rαlow EM 

CD8+ T cells had increased expression levels of perforin, a cytotoxic molecule. The 

differential expression of IL-7Rα by EM CD8+ T cells was associated with different levels 

of DNA methylation in the IL7RA gene promoter (15). Expansion of the IL-7Rαlow EM 

CD8+ T cells was found in older adults and patients with systemic lupus erythematosus 

(SLE), suggesting a potential association of this cell subset with immunosenescence and 
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inflammation (14, 16). However, the exact functional characteristics of IL-7Rαlow and high 

EM CD8+ T cells and the mechanism(s) defining such characteristics are still largely 

unknown. Here we show the possible role of DNA methylation in conferring the distinct 

traits of human IL-7Rαlow and high EM CD8+ T cells, including the differential expression 

of CX3CR1, as well as the biological relevance of such differential expression.

Materials and Methods

Human subjects

Healthy adult subjects who were not taking immunosuppressive drugs and did not have a 

disease affecting the immune system were recruited (14, 17). Informed consent was obtained 

from all subjects. This work was approved by the institutional review committee of Yale 

University.

Cells and flow cytometry

Mononuclear cells were prepared from peripheral blood on FicollPAQUE (GE Healthcare, 

Piscataway, NJ) gradients. Peripheral blood mononuclear cells (PBMCs) were labeled with 

antibodies to APC-cyanin (Cy)-CD3, Pacific Blue–CD8α, PE–Cy5–CD45RA, PE-Cy7-

CCR7 (all from BD Biosciences, San Diego, CA), IL-7Rα antibodies (R&D Systems, 

Minneapolis, MN) and PE-CX3CR1, PE-CXCR1 or PE-CXCR6 (BioLegend, San Diego, 

CA). Unconjugated IL-7Rα antibodies were labeled with FITC conjugated anti-goat IgG 

(Santa Cruz Biotechnology, Santa Cruz, CA) secondary antibodies. Some cells were fixed, 

permeabilized using Cytofix/Cytoperm solution (BD Biosciences), and additionally labeled 

with antibodies to PE-CCL3, PE-CCL4 or PE-CCL20 (all from R&D Systems). Labeled 

cells were analyzed using an LSRII® flow cytometer (BD Biosciences) and FlowJo software 

(TreeStar, Ashland, OR).

Cell sorting

Freshly isolated PBMCs were stained with antibodies to APC-Cy7-CD16, Pacific Blue–

CD8α, PE–cyanin 5 (Cy5)–CD45RA, PE-Cy7-CCR7 and IL-7Rα antibodies followed by 

labeling with FITC-conjugated anti-goat IgG antibodies to detect unconjugated IL-7Rα 

antibodies. Labeled cells were sorted into IL-7Rαlow and high EM (CD45RA+/− CCR7−) 

CD8+ T cells using a FACSAria® (BD Biosciences). The purity of cells was greater than 

97%.

Identification of differentially methylated sites

The Infinium Human Methylation27 array (Illumina Inc.) was used to analyze bisulfite 

treated DNA from IL-7Rαlow and high EM (CD45RA− CCR7+/−) CD8+ T cells. The 

methylation array data were submitted to the Gene Expression Ommibus (accession number: 

GSE67816, http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

token=mtctwsmolxifjcz&acc=GSE67816). The standard protocol from Illumina Inc. was 

used for DNA purification and bisulfite conversion. Prior to computing the methylation 

signal, probes with ≥ 0.05 “Detection P value” were removed from analysis. To determine 

the differentially methylated sites between IL-7Rαlow and high EM CD8+ T cells, we 

performed an integrative statistical method which involves the integration of the t-test and 
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the median fold-change test (18). For this analysis, we used the M-value method rather than 

the Beta-value method to compute methylation signal. The M value is approximately 

homoscedastic in the entire methylation range, providing a better performance of the 

statistical test in the low and high methylation ranges whereas the Beta value method has a 

bounded range, violating the normality assumption underlying the t-test and median fold-

change test (19). The M-values were computed as the log2 ratio of the signals of the 

methylation-specific probe over the unmethylation-specific probe (20) and were normalized 

using the quantile method (21). With the normalized M values, we conducted the t-test and 

the median fold-change test. Individual P values from the two tests were integrated into the 

false discovery rate (FDR) using Stouffer’s method (18). In selecting differentially 

methylated sites, we applied an FDR cutoff of 0.05 and a constant fold change threshold of 

M values of 1.8 to increase true positives of differentially methylated probes. To determine 

the fold-change threshold, we estimated an empirical null distribution by permuting the 

samples, and calculated the 0.5 percentiles (α = 0.01) of the fold changes of M values using 

the null distribution, resulting the cutoff as 1.8. To explore cellular processes enriched by 

genes with differentially methylated sites, functional enrichment analysis was performed 

using the Database for Annotation, Visualization and Integrated Discovery (DAVID) 

software (22). Finally, we identified the annotation clusters comprised of significantly 

enriched cellular processes and pathways and genes involved in the annotation clusters using 

the functional annotation cluster report functionality in the DAVID.

Quantitative RT-PCR (RT-qPCR)

Total RNA was isolated from sorted cells using the RNeasy Plus Micro kit (Qiagen, 

Valencia, CA) and cDNA was synthesized. Real-time quantitative reverse-transcription–

polymerase chain reaction (RT-qPCR) was performed on an Mx3005P QPCR system 

(Stratagene, Santa Clara, CA) using the 2x Brilliant SYBR green master mix (Stratagene). 

Primers were designed using PrimerBank (http://pga.mgh.harvard.edu/primerbank/

index.html). Primers used for RT-qPCR are as follows: CX3CR1 (forward, 5′-

TTGCCCTCACCAACAGCAAG-3′; reverse, 5′-AAGGCGGTAGTGAATTTGCAC-3′), 

fractalkine (forward, 5′-CCCGGAGCTGTGGTAGTAAT-3′; reverse, 5′-

AAGGTGGAGAATGGTCAAGG-3′) and ACTINB, (forward, 5′-

CGTGGACATCCGCAAAGA-3′; reverse, 5′-TGCATCCTGTCGGCAATG-3′). The levels 

of gene expression were normalized to the expression of ACTINB. The comparative CT 

method (ΔΔCT) was used for the quantification of gene expression.

Bisulfite genomic DNA sequencing

To determine the methylation status of CpG sequences in the CX3CR1 gene promoter, 

bisulfite genomic DNA sequencing was performed. Bisulfite modification was performed 

using EpiTect Bisulfite Kits (Qiagen) according to the manufacturer’s instructions. The 

Bisulfite modified-genomic DNA was amplified using bisulfite-specific PCR primers 

designed by MethPrimer (http://www.urogene.org/cgi-bin/methprimer/methprimer.cgi). The 

sequences of the primers are listed in Supplemental Figure 1. The PCR products were cloned 

into pCR2.1 using a TA cloning kit (Invitrogen, Grand Island, NY) and approximately 10 

individual colonies were isolated and sequenced per experiment.

Shin et al. Page 4

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://pga.mgh.harvard.edu/primerbank/index.html
http://pga.mgh.harvard.edu/primerbank/index.html
http://www.urogene.org/cgi-bin/methprimer/methprimer.cgi


Promoter assay

To generate the CX3CR1 gene promoter construct (pGL3-CX3CR1), the CX3CR1 gene 

promoter region was amplified from genomic DNA using high-fidelity DNA polymerase 

(Invitrogen Life Technologies), cloned into pGL3-basic vector (Promega, Madison, WI) and 

verified by sequencing. In methylating the CX3CR1 promoter construct, the pGL3-CX3CR1 

construct and pGL3-basic vector were incubated for 1 hour at 37°C in the presence or 

absence of SssI methylase (New England Biolabs, Beverly, MA) with 80 μM S-

adenosylmethionine (New England Biolabs). Methylated and unmethylated constructs were 

purified using a Qiagen PCR purification kit (Qiagen) and transfected into 293 T cells using 

lipofectamine (Invitrogen Life Technologies) according to the manufacturer’s instructions. 

The pRL-TK (Renilla luciferase control reporter vector, Promega) was co-transfected as an 

internal control for transfection efficiency. Transfected cells were harvested after 24 hours 

and analyzed according to the manufacturer’s instructions for luciferase and Renilla 

activities.

In vitro migration assay

PBMCs were seeded at a density of 1 × 106 cells in 50 μL of RPMI 1640 supplemented with 

0.2% bovine serum albumin (BSA) per well in the upper chambers of a Corning® HTS 

Transwell 96-well Permeable Support with the 5 μm pore polycarbonate membrane 

(Corning Inc., Chicago, IL). The lower chambers were filled with 2% FBS RPMI containing 

fractalkine (100 ng/mL, R&D Systems). The cells were incubated for 4 hours at 37°C in a 

CO2 humid incubator. Cells in the lower chambers were collected and labeled with 

antibodies to APC-Cy7-CD3, Pacific Blue–CD8α, PE–Cy5–CD45RA, PE-Cy7-CCR7 and 

IL-7Rα antibodies followed by labeling with FITC conjugated anti-goat IgG (Santa Cruz 

Biotechnology) secondary antibodies. Labeled cells were analyzed on an LSRII® flow 

cytometer.

Stimulation of primary human umbilical vein endothelial cells (HUVECs)

Primary HUVECs (passages 2–3) purchased from the Yale Stem Cell Center were seeded in 

48-well plates at a cell density of 3 × 104 in Medium 200 containing low serum growth 

supplement (GIBCO) per well and incubated for 24 hours. The cells were incubated for 8 

hours with the supernatant (10% final concentration) of FACS-sorted 7Rαlow or high EM 

CD8+ T cells that were stimulated for 18 hours in RPMI 1640 media supplemented with 

10% FBS in the presence of anti-CD3 antibodies (OKT3). In some experiments, 

supernatants were pretreated for 10 min with anti-human IFN-γ (1μg/mL) and anti-TNF-α 

(1μg/mL) antibodies (R&D Systems). The cells were harvested, fixed, permeabilized and 

stained with PE-conjugated anti-human fractalkine mouse antibodies (R&D Systems). 

Stained cells were analyzed using an LSRII® flow cytometer (BD Biosciences) and FlowJo 

software. Fractalkine gene expression in HUVECs was analyzed by RT-qPCR.

Statistical analysis

Results were statistically analyzed by the matched or unmatched Student’s t-test or ANOVA 

as appropriate. P values less than 0.05 were considered statistically significant.
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Results

A set of genes, including chemotaxis-related genes, is differentially methylated in human 
IL-7Rαlow and high EM CD8+ T cells

IL-7Rα can define different subsets of CD8+ T cells with distinct cellular characteristics (11, 

14). Although DNA methylation is an important gene regulatory mechanism, whether this 

mechanism is associated with the distinct traits in human effector memory (EM) CD8+ T 

cell subsets with low and high levels of IL-7Rα expression is largely unknown. To address 

this question, we first analyzed DNA methylation in FACS-purified human IL-7Rαlow 

and high EM CD8+ T cells (Fig 1A) using Infinium Human Methylation27 array. We 

identified 331 differentially methylated CpG sites between IL-7Rαlow and high EM CD8+ T 

cells with FDR < 0.05 with fold change of M value ≥ 1.8 (Fig 1B). Out of the 331 CpG sites, 

methylation of 168 sites from 159 genes and 163 sites from 147 genes decreased and 

increased in IL-7Rαlow EM CD8+ T cells, respectively, compared to IL-7Rαhigh EM CD8+ 

T cells (Fig. 1B). We next performed functional annotation clustering analysis using the 

DAVID software to identify significantly enriched cellular processes and pathways. 

Notably, chemokine signaling pathway, chemotaxis, cell adhesion, cytokine-cytokine 

receptor interaction, inflammatory response, response to wounding, and defense response 

were identified as a significantly enriched annotation cluster by the genes with differentially 

methylated CpG sites (Fig. 1C and Table I). Among the enriched cellular processes and 

pathways in the annotation cluster, chemokine- and cytokine-related terms were more 

significantly enriched (P = 4.93E-6) than others (Table I), and an array of chemokines and 

chemokine-receptors including CX3CR1, CXCR1, CXCR6, CCL2, 3, 4, 8, 20, 23 and 

CCL3L1 belonged to the annotation cluster (Fig 1C). These findings suggest that low and 

high levels of IL-7Rα expression by EM CD8+ T cells can be associated with their distinct 

chemotactic functions through differential CpG methylation of the genes related to 

chemokines and their receptors.

IL-7Rαlow EM CD8+ T cells have increased levels of the CX3CR1 gene and protein 
expression

To determine the consequences of differential DNA methylation on transcription in these 

cells, we measured the gene expression of the chemokine receptors and chemokines that 

showed different levels of DNA methylation in IL-7Rαlow and high EM CD8+ T cells on the 

DNA methylation array. We detected increased levels of CX3CR1, CXCR1, CCL3 and 

CCL4 in IL-7Rαlow EM CD8+ T cells while the levels of CXCR6 and CCL20 genes were 

higher in IL-7Rαhigh EM CD8+ T cells (Fig 2A and Supplemental Fig 2A). The expression 

levels of other chemokine genes were below detection limits (CCL2, CCL8) or similar 

(CCL23, CCL3LI) between the two cell subsets (data not shown). We analyzed the protein 

expression of CX3CR1, CXCR1, CCL3, CCL4, CXCR6 and CCL20 by IL-7Rαlow and high 

EM CD8+ T cells. In accordance with gene expression, CX3CR1 and CXCR1 were highly 

expressed by IL-7Rαlow EM CD8+ T cells, which occurred in both CD45RA+ and − EM 

CD8+ T cells (Fig 2B–C and Supplemental Fig 2B–C). However, the expression levels of 

other molecules were not different as measured by flow cytometry (Supplemental Fig 2B).
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IL-7Rαlow and high EM CD8+ T cells have different levels of DNA methylation in the CX3CR1 
gene promoter region

The DNA methylation array covers only a limited number of CpG sites in human genes. 

Thus, we analyzed the DNA methylation status in the CpG site included in the array chip 

and other CpG sites of the CX3CR1 gene promoter. We focused our analysis on the CX3CR1 

gene for several reasons. Despite the important role of the CX3CR1 gene in regulating the 

migration of inflammatory cells in normal and pathologic conditions, the molecular 

mechanism(s) involved in regulating its expression is largely unknown. Also, CX3CR1 was 

expressed at high levels by IL-7Rαlow EM CD8+ T cells which are known to express 

increased levels of effector molecules including perforin, granzyme B and IFN-γ (14, 23). 

Of note, several variants of CX3CR1 transcripts were reported in human cells (24). 

According to NCBI Gene, there are four transcript variants of human CX3CR1 including 

NM_001171174.1 (variant 1), NM_001171171.1 (variant 2), NM_001171172.1 (variant 3) 

and NM_001337.3 (variant 4) (Fig 3A). The differentially methylated probes of the 

CX3CR1 CpG site included in the array chip were for the cytosine of −173 position from the 

first nucleotide of the first exon of transcript variant 3 (+1) (Fig 3A). We first analyzed DNA 

methylation status at the −173 position in IL-7Rαlow and high EM CD8+ T cells by 

sequencing DNA after bisulfite treatment. IL-7Rαlow EM CD8+ T cells had lower levels of 

DNA methylation at −173 than IL-7Rαhigh EM CD8+ T cells (Fig 3B). We also measured 

DNA methylation status in additional CpG sites in the region upstream to −173, 

corresponding to the positions −633, −624 −610, −589, −427, −394, −385, and −339 from 

the first exon of transcript variant 3. Notably, IL-7Rαlow EM CD8+ T cells had lower levels 

of DNA methylation than IL-7Rαhigh EM CD8+ T cells at 5 of the additional 8 sites that 

were analyzed (Fig 3B). A similar trend was noticed in other CpG sites without reaching the 

levels of statistical significance. Consistent with the measurement of the total CX3CR1 gene 

transcript, the transcript variants 1, 3 and 4 were more highly expressed in IL-7Rαlow EM 

CD8+ T cells than in IL-7Rαhigh EM CD8+ T cells (Supplemental Fig 3). Both cell subsets 

barely expressed the transcript variant 2. We also analyzed the CX3CR1 gene and protein 

expression as well as the DNA methylation status in the CX3CR1 promoter in naïve CD8+ T 

cells. The gene and protein expression levels of this molecule were lower in naïve CD8+ T 

cells than in IL-7Rαlow EM CD8+ T cells (Supplemental Fig 4 and Fig 6A). The CpG sites 

indicated in Fig 3A were methylated at levels greater than 90% in naïve CD8+ T cells (data 

not shown).

Altering DNA methylation affects CX3CR1 expression and its gene promoter activity

DNA methylation can be inhibited by 5-aza-2′-deoxycytidine (5-aza-dC), a nucleoside 

analog of cytidine, which traps DNA methyltransferase 1 during cell replication (25, 26). 

We noticed that Jurkat cells, a leukemic T cell line, have low levels of CX3CR1 gene and 

protein expression with high levels of DNA methylation at several CpG sites, including the 

one at −173, in the CX3CR1 gene promoter (Fig 4 and Supplemental Fig 4). Since Jurkat T 

cells undergo spontaneous replication, which is required for the effect of 5-aza-dC, we 

incubated these cells with or without 5-aza-dC to further explore the role of DNA 

methylation in regulating CX3CR1 expression. Indeed, 5-aza-dC lowered DNA methylation 

and enhanced the expression of both CX3CR1 gene and protein by Jurkat cells (Fig 4B–D). 
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We next determined the effect of DNA methylation on the promoter activity of the CX3CR1 

gene. We cloned a region containing the CpG sites of the CX3CR1 gene that was analyzed 

for DNA methylation status (Fig 5A). The promoter activity of this region was validated by 

inserting it into the pGL3 vector (pGL3-CX3CR1-P) and measuring luciferase activity in 

transfected 293T cells (Fig 5B). Methylating the pGL3-CX3CR1-P reduced the luciferase 

activity (Fig 5C), supporting the role of DNA methylation in regulating expression of 

CX3CR1.

IL-7Rαlow EM CD8+ T cells have increased migration capacity in response to fractalkine

The natural ligand for CX3CR1 is the chemokine fractalkine (CX3CL1) (27). We found an 

increased expression of CX3CR1 on IL-7Rαlow EM CD8+ T cells compared to IL-7Rαhigh 

EM and naïve CD8+ T cells (Fig 6A). We thus determined whether IL-7Rαlow EM CD8+ T 

cells had an increased migration capacity in response to fractalkine compared to other CD8+ 

T cell subsets with lower levels of CX3CR1 expression using an in vitro trans-well 

migration assay. While the migration of cells varied among donors, the number of 

IL-7Rαlow EM CD8+ T cells that migrated to the lower chamber in the presence of 

fractalkine was higher than the number of IL-7Rαhigh EM and naïve CD8+ T cells that 

migrated to the same chamber (Fig 6B). These findings suggest that IL-7Rαlow EM CD8+ T 

cells have increased migration capacity in response to fractalkine in association with higher 

expression of CX3CR1 compared to other CD8+ T cell subsets.

IL-7Rαlow EM CD8+ T cells produce high levels of IFN-γ and TNF-α that can up-regulate 
fractalkine expression by endothelial cells

We next determined whether IL-7Rαlow EM CD8+ T cells could induce the expression of 

fractalkine, possibly forming an autocrine amplification loop. Fractalkine is expressed by 

cells including endothelial cells, lymphocytes and neurons and has been associated with 

pathologic conditions such as atherosclerosis, asthma, rheumatoid arthritis (RA), systemic 

lupus erythematosus (SLE), Crohn’s disease, cancers and fibrogenesis (28, 29). It is known 

that IFN-γ and TNF-α can induce fractalkine on endothelial cells (29). Indeed, IL-7Rαlow 

EM CD8+ T cells rapidly produced these cytokines at high levels upon T cell receptor 

triggering (Fig 7A). Incubating human umbilical vein endothelial cells (HUVECs) with the 

culture supernatant of anti-CD3 antibody-stimulated IL-7Rαlow EM CD8+ T cells induced 

fractalkine expression by HUVECs as measured by RT-qPCR and flow cytometry (Fig 7B–

D). However, this finding was not observed when HUVECs were incubated with the culture 

supernatant of anti-CD3 antibody-stimulated IL-7Rαhigh EM CD8+ T cells (Fig 7C). The 

expression of fractalkine on HUVECs by the culture supernatant of IL-7Rαlow EM CD8+ T 

cells was reduced by adding neutralizing antibodies (anti-IFN-γ and -TNF-α) to the culture 

supernatant during the incubation (Fig 7C–D). These findings suggest that IL-7Rαlow EM 

CD8+ T cells not only have a potent migration response to fractalkine but also have the 

capacity to induce the same chemokine, forming an autocrine amplification loop.

A proposed model for the role of IL-7Rαlow EM CD8+ T cells in inflammation

The primary role of CD8+ T cells is to kill infected or tumor-transformed cells by producing 

cytotoxic molecules (30). CD8+ T cells also are found in the affected tissues of an array of 
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inflammatory disorders including atherosclerosis, autoimmune and respiratory diseases (31–

36). In fact, CD8+ T cells can produce molecules such as cytokines and chemokines, 

contributing to inflammation (30). IL-7Rαlow EM CD8+ T cells express high levels of the 

cytotoxic molecules perforin and granzyme B (14, 23) as well as the inflammatory cytokines 

IFN-γ and TNF-α. Thus, it is conceivable that the inflammatory cytokines IFN-γ and TNF-α 

produced from innate immune cells like NK cells and macrophages in an infected or 

damaged site can induce fractalkine on endothelial cells, leading to the attraction of 

IL-7Rαlow EM CD8+ T cells with high levels of CX3CR1 expression to the infected or 

damaged site. Activating the effector functions of the recruited IL-7Rαlow EM CD8+ T cells 

would lead to cytotoxicity and the release of cytokines and chemokines. The released 

molecules would further recruit immune cells directly or indirectly by inducing additional 

chemokines like fractalkine. Figure 8 shows this model proposing the possible role of 

IL-7Rαlow EM CD8+ T cells in defending the host against infections or tumors as well as in 

contributing to inflammation.

Discussion

Memory T cells are heterogeneous populations with distinct cellular traits. Cell surface 

molecules like cytokine receptors can define such cell subsets (11, 14, 37). Previously, we 

reported the presence of cell subsets expressing low and high levels of IL-7Rα in human 

peripheral EM CD8+ T cells that have different phenotypic and functional traits (14). Here 

we showed the possible role of DNA methylation, an epigenetic gene regulatory mechanism, 

in conferring these characteristics, especially the ones associated with chemotaxis and 

inflammatory response. In particular, IL-7Rαlow EM CD8+ T cells had an increased 

expression of CX3CR1 along with decreased DNA methylation in the CX3CR1 gene 

promoter compared to IL-7Rαhigh EM CD8+ T cells. Also, altering the DNA methylation 

status of the CX3CR1 gene promoter changed the promoter activity and expression of 

CX3CR1, further supporting the role of DNA methylation in regulating the gene expression 

of CX3CR1 in human CD8+ T cells. IL-7Rαlow EM CD8+ T cells potently migrated to the 

CX3CR1 ligand fractalkine, suggesting the biological significance of increased expression 

of CX3CR1. Moreover, IL-7Rαlow EM CD8+ T cells induced fractalkine on HUVECs by 

producing high levels of IFN-γ and TNF-α, possibly forming an autocrine amplification 

loop. Overall, our study shows the involvement of DNA methylation in generating unique 

cellular traits of human IL-7Rαlow and high EM CD8+ T cells, especially the differential 

expression of CX3CR1, as well as the possible biological implication of such differential 

expression.

DNA Methylation is one of the mechanisms that mediate epigenetic regulation of gene 

expression (1–3). Genome-wide DNA methylation studies indicate that the patterns of DNA 

methylation are different between blood cell populations including T and B cells, which can 

account in part for unique cellular characteristics of individual cell populations (38). Also, 

global DNA methylation changes were found during the differentiation of naïve T cells to 

effector and memory T cells in mice upon viral or antigenic challenge (8, 39). In fact, 

effector molecules such as IFN-γ, IL-2 and IL-4 can be differentially expressed in T cells 

through the regulation of DNA methylation of respective genes (5–7, 40). Similarly, the role 

of DNA methylation in controlling the expressions of FOXP3 and IL-7Rα in humans was 
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reported in naturally occurring regulatory T cells and resting CD8+ T cells, respectively (15, 

41). These findings indicate that DNA methylation is involved in defining cellular traits of 

resting immune cells as well as in programming the function of effector cells during the 

development of immune responses. In concordance with this notion, our study showed that 

IL-7Rαlow and high EM CD8+ T cells have distinct DNA methylation profiles in more than 

300 genes including particularly those related to chemotaxis, chemokine signaling pathway, 

cell adhesion, cytokine-cytokine receptor interaction and inflammatory response. In 

addition, we found the role of DNA methylation in differentially regulating CX3CR1 

expression on IL-7Rαlow and high EM CD8+ T cells. Our finding is supported by a recent 

study reporting that increased DNA methylation of the CX3CR1 gene with decreased gene 

expression occurred during the in vitro differentiation of human monocytes to macrophages, 

although this was demonstrated for only a single CpG site and not confirmed by analyzing 

the effect of DNA methylation on gene expression (42). Overall, DNA methylation likely 

serves as an important mechanism for regulating the expression of CX3CR1 in multiple 

immune cells including CD8+ T cells and myeloid cells.

CX3CR1 is the receptor for fractalkine with adhesive and chemoattractant functions (27). 

CX3CR1 is mainly found on immune cells including T cells, monocytes and natural killer 

(NK) cells while fractalkine is widely expressed by neurons, epithelial cells, dendritic cells 

(DCs) and macrophages (27, 29). Also, endothelial cells up-regulate fractalkine upon 

stimulation with inflammatory cytokines (43–45). Studies reported increased levels of 

CX3CR1 expression by CD8+ T cells that express the replication senescent molecule CD57 

as well as the cytotoxic molecules perforin and granzyme B (46, 47) although the underlying 

molecular mechanism for this finding was unknown. Of interest, IL-7Rαlow EM CD8+ T 

cells that have increased expression of CX3CR1 also highly express CD57, perforin and 

grazyme B compared to other CD8+ T cell subsets including IL-7Rαhigh EM CD8+ T cells 

(14, 23). Such differential expression of CX3CR1 on IL-7Rαlow EM CD8+ T cells, which is 

mediated by DNA methylation, appears to have biological implications given the enhanced 

migratory capacity of this cell subset in response to fractalkine as well as potent 

inflammatory and cytotoxic properties of IL-7Rαlow EM CD8+ T cells. The membrane 

bound form of fractalkine, such as the one expressed on endothelial cells, can promote the 

retention of leukocytes as an adhesion molecule while the soluble form of fractalkine attracts 

immune cells, including T cells, having a potent chemotactic activity(27, 48, 49). Thus, it is 

possible that CX3CR1 expressed on circulating IL-7Rαlow EM CD8+ T cells interacts with 

the membrane bound form of fractalkine and further directs chemotactic migration to the 

inflamed tissue sites where the soluble form is present (28, 29). IL-7Rαlow EM CD8+ T cells 

produce high levels of IFN-γ and TNF-α that can up-regulate fractalkine by endothelial 

cells, suggesting the possible dual roles of this cell subset in CX3CR1/fractalkine-mediated 

inflammation. Increased expression of fractalkine and/or CX3CR1 has been reported in 

affected tissues of inflammatory diseases such as atherosclerosis, RA, SLE and systemic 

sclerosis (27, 29, 50, 51). Inhibiting fractalkine or CX3CR1 reduced disease activity in 

mouse models of RA, SLE and atherosclerosis (52–54). The expansion of IL-7Rαlow EM 

CD8+ T cells and increased expression of CX3CR1 on CD8+ T cells were reported in the 

peripheral blood of patients with SLE and RA, respectively (16, 51). These observations 
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warrant further studies investigating the specific role of CX3CR1 expression by CD8+ T 

cells in inflammatory diseases.

In summary, our results show the involvement of DNA methylation in defining the unique 

cellular characteristics of human EM CD8+ T cell subsets that include IL-7Rαlow and high 

EM CD8+ T cells. In particular, these two cell subsets with distinct traits have different 

levels of DNA methylation and expression in the genes related to chemotaxis, chemokine 

signaling pathway and inflammatory response, suggesting a coordinated regulation of such 

gene expression by DNA methylation. Furthermore, this is the first demonstration of the role 

of DNA methylation in regulating the expression of the CX3CR1 gene by CD8+ T cells and 

the potential biological relevance of increased expression of CX3CR1 by IL-7Rαlow EM 

CD8+ T cells in humans.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Human IL-7Rαlow and high effector memory CD8+ T cells have differential DNA 
methylation
IL-7Rαlow and high effector memory (CCR7−, EM) CD8+ T cells were purified from fresh 

PBMCs of 2 healthy donors using a FACSAria®. DNA were purified from sorted cells and 

analyzed using an Illumina human DNA methylation array chip (see details in materials and 

methods). (A) Representative histograms showing IL-7Rαlow and high cells in human 

peripheral EM CD8+ T cells. (B) Heatmap showing the pattern of differentially methylated 

CpG sites between IL-7Rαlow and high EM CD8+ T cells. The red and green colors indicate 

increased and decreased methylation of CpG sites, respectively. (C) The most significantly 

enriched annotation cluster by the genes with differentially methylated sites in IL-7Rαlow 

and high EM CD8+ T cells. Two-dimensional map displays the genes that are involved in the 

annotation cluster. Heatmap display the representative differential methylation patterns of 

the genes in IL-7Rαlow EM CD8+ T cells compared to IL-7Rαhigh EM CD8+ T cells. Left 

and right panels are for the genes with decreased and increased methylation, respectively.
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Figure 2. Human IL-7Rαlow and high effector memory CD8+ T cells have different levels of 
CX3CR1 gene and protein expression
(A) RT-qPCR analysis of CX3CR1 gene expression in FACS-sorted IL-7Rαlow and high 

effector memory (EM) CD8+ T cells of healthy individuals (n = 5) (B–C) Flow cytometric 

analysis of CX3CR1 expression on IL-7Rαlow and high EM CD8+ T cells in peripheral blood 

of healthy people (n = 39). (B) Representative histograms of CX3CR1 and isotype control 

staining. (C) Mean fluorescent intensity (MFI) of CX3CR1 expression by IL-7Rαlow 

and high EM CD8+ T cells. Delta MFI of CX3CR1 expression was obtained by subtracting 

MFI of isotype control staining from MFI of CX3CR1 staining. Bars and error bars indicate 

mean and standard error of the mean (SEM), respectively.
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Figure 3. DNA methylation profiles in the CX3CR1 gene promoter are different in IL-7Rαlow 

and high effector memory CD8+ T cells
(A) Illustration of the promoter regions of four CX3CR1 transcript variants (V1, V2, V3 and 

V4) and detailed map of analyzed CpG sites. The first exons (E1) of individual variants are 

indicated in black boxes. The CpG site (−173) included in the original DNA methylation 

array chip and additional CpG sites (0 to −1 KB) are indicated with vertical lines and 

numbers. The latter numbers were given in respect to the first nucleotide of the first exon of 

variant 3 (+1). (B) Methylation status of CpG sites in the CX3CR1 gene promoter region 

depicted in (A) among IL-7Rαlow and high effector memory (EM) CD8+ T cells. Details for 

bisulfite treatment and DNA methylation analysis are stated in Materials and Methods. Bars 

and error bars indicate the mean and SEM for individual CpG sites in IL-7Rαlow and high 

EM CD8+ T cells, respectively, (n = 7 donors). *P < 0.05
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Figure 4. 5-aza-dC up-regulates the expression of CX3CR1 by Jurkat T cells
Jurkat T cells were cultured for 4 days with or without 5-aza-dC (0, 0.1 and 2 μM). (A–B) 

Flow cytometric analysis of CX3CR1 expression on untreated and 5-aza-dC-treated Jurkat T 

cells. (A) Representative histograms of CX3CR1 and isotype control staining. (B) Delta 

MFI of CX3CR1 expression obtained by subtracting MFI values of isotype controls from 

MFI values of CX3CR1 staining. (C) RT-qPCR analysis of CX3CR1 gene expression in 

untreated and 5-aza-dC-treated Jurkat T cells. (D) The methylation status of individual CpG 

sites in the CX3CR1 gene promoter in untreated and 5-aza-dC-treated Jurkat T cells at day 4. 

Bars and error bars indicate the mean and SEM, respectively, (n = 3 (B), 7 (C) and 3 (D)). 

*P < 0.05
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Figure 5. CX3CR1 gene promoter activity is affected by DNA methylation
(A) Schematic presentation of the CX3CR1 gene promoter region inserted into the luciferase 

reporter gene construct (pGL3-CX3CR1-P). (B) The pGL3-CX3CR1-P and pGL3-basic 

vector were transiently transfected into 293 T cells with the pRL-TK vector (Renilla 

luciferase control reporter vector) as an internal control. Promoter activity is expressed as 

relative light units (RLU) to the pGL3-basic vector of which was set as 1. (C) pGL3-

CX3CR1-P was methylated using SssI methylase (see details in Materials and Methods). 

Unmethylaed and methylated pGL3-CX3CR1-P were transfected into 293T cells with pRL-

TK vector. Promoter activity is expressed as RLU to the unmethylated pGL3-CX3CR1-P of 

which was set as 1. Bars and error bars indicate the mean and SD, respectively, (n = 6 

independent experiments performed in triplicates) (B, C).
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Figure 6. IL-7Rαlow EM CD8+ T cells have increased migration capacity in response to 
fractalkine
(A) Flow cytometric analysis of CX3CR1 expression on IL-7Rαlow, high EM and naïve 

human CD8+ T cells. Representative data from more than 10 independent experiments. (B) 

PBMCs at 1 × 106 cells purified from the peripheral blood of healthy adult donors were 

seeded into the upper chambers of a transwell migration culture unit. Tissue culture media 

containing with or without fractalkine (100 ng/ml) was added to the lower chambers. After 4 

hours of incubation, cells in the lower chambers were collected and labeled with antibodies 

to CD3, CD8, CD45RA, CCR7 and IL-7Rα. Labeled cells were analyzed using flow 

cytometry to analyze IL-7Rαlow, high EM and naïve CD8+ T cells. Numbers on the Y-axis 

indicate the difference of cell numbers (delta cell numbers) between the lower chambers 

containing with and without fractalkine. Bars and error bars indicate the mean and SEM, 

respectively (n = 8).
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Figure 7. IL-7Rαlow effector memory CD8+ T cells produce high levels of IFN-γ and TNF-α, 
leading to up-regulation of fractalkine expression by HUVECs
(A) ELISA of IFN-γ and TNF-α in culture supernatants of FACS-sorted IL-7Rαlow and high 

effector memory (EM) CD8+ T cells that were incubated for 18 hours with or without anti-

CD3 antibodies. (B–D) HUVECs were incubated for 8 hours in the culture supernatants 

(Sup, 10% final concentration) of anti-CD3 antibody-stimulated IL-7Rαlow or high EM 

CD8+ T cells from (A) in the presence or absence of human anti-IFN-γ and TNF-α 

neutralizing antibodies (1μg/mL for both). Un: not treated with supernatant. (B–C) Flow 

cytometric analysis of fractalkine by HUVECs. (B) Representative histograms of the flow 

cytometric analysis. (C) Delta MFI values of fractalkine expression were obtained by 

subtracting MFI values of isotype control staining from MFI values of fractalkine staining. 

(D) RT-qPCR analysis of fractalkine gene expression in HUVECs. Bars and error bars 

indicate the mean and SEM, respectively (n = 3 (A), 2–5 (C–D)). ND indicates not detected.
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Figure 8. A proposed model for the role of IL-7Rαlow effector memory CD8+ T cells in 
promoting inflammation by forming an amplification loop of CX3CR1 and fractalkine
In response to an infection or tissue damage at a peripheral site, IFN-γ and TNF-α are 

secreted from innate immune cells like natural killer (NK) cells and macrophages (1), 

leading to inducing the expression of fractalkine by endothelial cells (2). In the bloodstream, 

CX3CR1-expressing IL-7Rαlow EM CD8+ T cells and other immune cells (not shown) 

migrate to the endothelial cells in response to fractalkine and move into the infected or 

damaged peripheral site (3) where activated IL-7Rαlow EM CD8+ T cells promote 

inflammation by producing chemokines (CCL3, CCL4), cytokines (IFN-γ, TNF-α) and 

cytotoxic molecules (perforin, granzymes) with further immune cell recruitment, activation 

and tissue damage (5–7). Also, the secreted IFN-γ and TNF-α further fractalkine expression 

on the endothelial cells, resulting in additional recruitment of CX3CR1-espressing 

IL-7Rαlow EM CD8+ T and other cells by forming an amplification loop of IL-7Rαlow EM 

CD8+ T cells, CX3CR1 and fractalkine that augments inflammation (6).
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Table I

Enriched Cellular Process of Differentially Methylated Genes in IL-7Rαlow and high EM CD8+ T cells.

Category Enriched Cellular Process P Value

GOBP*

Chemotaxis 0.00000493

Cell adhesion 0.000103

Cell-cell adhesion 0.0035712

Positive regulation of MAPKKK cascade 0.0098789

Cell proliferation 0.01034598

Positive regulation of JNK cascade 0.03514993

KEGG**

Cytokine-cytokine receptor interaction 4.20E-05

Chemokine signaling pathway 0.001006

Systemic lupus erythematosus 0.01279013

Graft-versus-host disease 0.04046789

*
Gene Ontology Biological Process

**
Kyoto Encyclopedia of Genes and Genomes
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