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Abstract

Successfully fighting infection requires a properly tuned immune system. Recent epidemiological 

studies link exposure to pollutants that bind the aryl hydrocarbon receptor (AHR) during 

development with poorer immune responses later in life. Yet, how developmental triggering of 

AHR durably alters immune cell function remains unknown. Using a mouse model, we show that 

developmental activation of AHR leads to long-lasting reduction in the response of CD8+ T cells 

during influenza virus infection, cells critical for resolving primary infection. Combining genome-

wide approaches, we demonstrate that developmental activation alters DNA methylation and gene 

expression patterns in isolated CD8+ T cells prior to and during infection. Altered transcriptional 

profiles in CD8+ T cells from developmentally exposed mice reflect changes in pathways involved 

in proliferation and immunoregulation, with an overall pattern that bears hallmarks of T cell 

exhaustion. Developmental exposure also changed DNA methylation across the genome, but 

differences were most pronounced following infection, where we observed inverse correlation 

between promoter methylation and gene expression. This points to altered regulation of DNA 

methylation as one mechanism by which AHR causes durable changes in T cell function. 

Discovering that distinct gene sets and pathways were differentially changed in developmentally 

exposed mice prior to and after infection further reveals that the process of CD8+ T cell activation 

is rendered fundamentally different by early life AHR signaling. These findings reveal a novel role 

for AHR in the developing immune system: regulating DNA methylation and gene expression as 

T cells respond to infection later in life.
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Introduction

A properly functioning immune system underlies multiple aspects of human health and well 

being, including elimination of pathogens without excessive damage to healthy tissues. 

Impaired immune responses leave individuals and populations vulnerable to disease. Many 

factors likely contribute to altered immune function. Several epidemiological studies reveal 

striking correlations between developmental exposures to anthropogenic chemicals and 

increasing incidence or severity of infections and poorer responses to routine immunizations 

(1–6). Although relatively few studies have examined this, they create a compelling case 

that developmental exposure to pollutants fundamentally alters the responsive capacity of 

the immune system, leading to long-lasting impairments that contribute to the burden of 

infectious disease. Maternal and early life exposures have enduring adverse effects on other 

systems, including nervous, cardiovascular, endocrine and reproductive, as well as cancer 

rates in offspring (7). Thus, it is not surprising that mounting evidence suggests 

developmental exposures also affect immune function; however, the factors that influence it 

are poorly understood.

One possible factor that links signals from the early life environment to the function of the 

immune system later in life is the aryl hydrocarbon receptor (AHR). AHR is a ligand-

activated transcription factor that modulates function of the fully mature (adult) immune 

system (8). AHR ligands include numerous ubiquitous pollutants such as dioxins, 

polychlorinated biphenyls (PCBs) and polycyclic aromatic hydrocarbons (PAHs), as well as 

some naturally derived chemicals, such as tryptophan metabolites (9). Several studies 

indicate that early life exposure to commonly found AHR-binding pollutants alters immune 

function later in life (10). Recent studies using low, environmentally relevant maternal doses 

of AHR ligands demonstrate that persistent changes in host responses to influenza A virus 

(IAV) are observed in offspring, yet there are no differences in immune organ cellularity in 

naïve offspring (11, 12). These changes in immune function occur long after the window of 

developmental exposure (12, 13). Bone marrow cell transplantation further reveals that these 

diminished adaptive immune responses are intrinsic to hematopoietic cells (12). Yet, how 

triggering of AHR during development changes the function of the adult immune system 

remains undefined. Studies of developmental exposures in other organ systems suggest that 

alterations in epigenetic mechanisms may underlie persistent functional deregulation (14–

17).

DNA methylation is one type of epigenetic regulation that influences gene expression and 

cellular function, is sensitive to environmental cues, and influences the normal development 

of the immune system (18, 19). Whether activation of AHR via developmental exposure to 

exogenous ligands alters DNA methylation in immune cells is unknown. Developmental 

exposure to the prototype AHR ligand, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) alters 

DNA methylation patterns in testes, mammary tissue, muscle, and liver, and elevates DNA 

methyltransfersase (DNMT) activity in pre-implantation embryos (20–23), suggesting 

plausibility. Also, several studies demonstrate that developmental exposure to other agents, 

such as heavy metals, maternal smoking and air pollutants modulate DNA methylation in 

cord blood leukocytes (24–31). However, efforts to correlate changes in DNA methylation 
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and gene expression profiles in mixed populations of blood cells with complex disease 

outcomes is confounded by the distinct DNA methylation pattern of each type of immune 

cell (32). Nevertheless, these prior studies collectively imply a connection between early life 

exposure to environmental agents and altered DNA methylation in mixed leukocyte 

populations; however, alterations in specific types of immune cells remain to be determined. 

Thus, triggering AHR during development could alter DNA methylation patterns in cells of 

the immune system, contributing to changes in gene expression patterns and cellular 

function later in life.

To address this issue, we selected CD8+ T cells because they are the principal means for 

successful host resistance in a primary IAV infection, and because their response to 

infection is profoundly and persistently changed by maternal exposure to the AHR agonist 

TCDD (12, 33). Although its role is not fully understood, alterations in global DNA 

methylation patterns occur as naïve CD8+ T cells differentiate and acquire effector function 

in response to infection, and we hypothesize that developmental activation of AHR alters 

this process (34). We first investigated whether the altered CD8+ T cell response to IAV is a 

result of developmental exposure diminishing the number of naïve, virus-specific T cells, 

and whether it requires AHR in the offspring. We then used unbiased, genome-wide 

approaches to investigate whether developmental AHR activation alters DNA methylation 

and gene expression profiles of purified CD8+ T cells prior to and during infection, and then 

assessed correlations between differentially methylated regions and differentially expressed 

genes. Our findings reveal new pathways through which environmentally derived AHR 

ligands influence the function of the immune system.

Materials and Methods

Developmental exposure and infection

Nulliparous C57BL/6 (B6) (National Cancer Institute, Frederick, MD) and 

B6.Ahrtm1Bra+/−(AHR+/−) females were paired with B6 or AHR+/− males, respectively. 

Pregnancy was determined by the presence of a vaginal plug (day 0 of gestation, GD0), and 

pregnant mice were individually housed for the remainder of the study. Offspring were 

weaned at 21 days of age. Offspring of AHR+/− breeders were genotyped as previously 

described (35). All mice were housed in a pathogen-free facility in microisolator cages, and 

food and water were provided ad libitum. 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD, 

≥99% pure, Cambridge Isotope Laboratories, Woburn, MA) was prepared and mice were 

dosed as previously described (12). Briefly, pregnant dams were given either TCDD (1 

μg/kg body weight) or peanut oil vehicle (Veh) by gavage on GD0, GD7, and GD14 and on 

postnatal day 2 (PND2). This dose of TCDD is not overtly toxic to the dam or the pups, and 

does not lead to changes in the cellularity of the bone marrow, thymus, spleen or lymph 

nodes (11). Intranasal infection of adult offspring with influenza A virus (IAV) strain 

HKx31 (x31; H3N2) was performed as previously described (12). All procedures involving 

laboratory animals and infectious agents were reviewed and approved by the University of 

Rochester Institutional Animal Care and Use and Institutional Biosafety Committees. The 

University has accreditation through the Association for Assessment and Accreditation of 

Laboratory Animal Care (AAALAC). All guidelines from the U.S. Public Health Service 
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Policy on Humane Care and Use of Laboratory Animals were followed in handling of 

vertebrate animals.

Isolation of immune cells and flow cytometry

Peripheral lymph nodes (inguinal, axillary, brachial, cervical, mediastinal and sacral), bone 

marrow, thymus, spleens and liver were isolated from naïve offspring either at PND7 or at 

maturity. Mediastinal lymph nodes (MLN) were collected from mature offspring nine days 

after IAV infection. Tissues were processed as previously described (11). Where indicated, 

total CD8+ T cells or naïve CD8+ T cells were enriched using MagCellect kits (R&D, 

Mineapolis, MN). For flow cytometry, cells were incubated with anti-mouse CD16/32, prior 

to incubation with the following fluorochrome-conjugated antibodies (BD Bioscience, San 

Jose, CA or eBioscience, San Diego, CA): CD8α (53-6.7), CD44 (IM7) and CD62L 

(MEL-14). MHC class I (MHCI) tetramers corresponding to two immunodominant IAV 

epitopes (Db/NP366–374 and Db/PA224–233) were used to identify virus specific CD8+ T cells 

(12). For the identification of virus-specific CD8+ T cells in naïve mice, CD3+ T cells were 

enriched from peripheral lymph nodes, and the frequency of NP+ and PA+ CD44loCD8+ T 

cells was determined by flow cytometry. LSR-II cytometers (BD Biosciences) were used for 

data acquisition (≥500,000 events were collected for cells from naïve animals, and 300,000 

to 500,000 events were collected for analyses of cells from infected mice), and data analysis 

was performed using FlowJo software (Tree Star, Ashland, OR). Given that the dam, rather 

than the offspring, is directly exposed, the dam is defined as the statistical unit for all 

experiments, and each offspring was from a different treated dam. Data were analyzed using 

JMP software (SAS, Cary, NC). Differences between mean values from each exposure 

group were considered significant when p ≤ 0.05, as determined using a Student’s t-test.

RNA and DNA isolation, Immunoprecipiation (IP), and high throughput sequencing (seq)

RNA was isolated using the RNeasy Mini Kit (QIAGEN, Valencia, CA). RNA quality was 

verified on the 2100 Bioanalyzer (Agilent, Santa Clara, CA). TruSeq RNA Sample 

Preparation Kit V2 (Illumina, San Diego, CA) was used per manufacturer’s protocols. 

Methylated DNA IP (MeDIP) was performed as previously published (36). Briefly, DNA 

was extracted from enriched CD8+ T cells (≥90% purity) using the DNeasy Blood and 

Tissue Kit, (QIAGEN), digested with MseI, and further isolated with the QIAquick PCR 

Purification Kit (QIAGEN). Methyl-seq library construction was performed with NEXTflex 

Methyl-seq kit (Biooscientific, Austin, TA) per manufacturer’s recommendations. Briefly, 

1200 ng of genomic DNA was sheared to an average size of 200–400bp with the Covaris S2 

(Covaris, Woburn, MA). Sheared DNA sizing was confirmed with a Bioanlayzer 2100 

(Agilent, Santa Clara, CA) and subsequent end repair, adenylation, and adaptor ligation was 

performed. DNA was heated to 95°C, and incubated with anti-5-methylcytosine antibody 

(Epigentek, Farmingdale, NY). Methylated DNA was immunoprecipitated with Dynabeads 

(Life Technologies, Grand Island, NY), and released from the beads using Proteinase K 

digestion. DNA was purified using the MinElute PCR Purification Kit (QIAGEN), followed 

by library PCR amplification and gel size selection. For both RNA-seq and MeDIP-seq, 

single end sequencing was performed using the Illumina GAIIx genome sequencer 

(Illumina, San Diego, CA) with an average of 20 million 72bp reads per sample. Chromatin 

IP (ChIP) was performed as previously published (37). Cells were harvested, cross-linked 
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and lysed, and chromatin was sheared by sonication with a Bioruptor (Diagenode, Denville, 

NJ). Diluted chromatin was combined with 3 μg of the pertinent antibody for each ChIP 

assay and specific immune complexes were recovered by precipitation with 50:50 protein-

A/G-agarose. After washes, chromatin complexes were released with NaHCO3-SDS by 

vigorous shaking. Cross-links were reversed in the presence of RNAse A at 65°C. ChIP-

enriched DNA was purified and quantified using PicoGreen dsDNA dye (Invitrogen). DNA 

enrichment is represented as the percent of total input after subtracting the values of the 

relevant control antibodies. For some experiments, reverse transcription and real time PCR 

(RT-qPCR) was performed as previously described (38), and primers for Dnmt1, Dnmt3a, 

Dnmt3b and L13 were used (39, 40). For other experiments, gene expression on PND7 was 

examined. RNA was extracted from liver, reverse transcription was performed, and Cyp1a1 

was measured by qPCR, with L13 used as a control (41). Data were analyzed using the 

ΔΔCT method (42).

MeDIP-seq and RNA-seq analysis

MeDIP-seq reads were aligned to mouse reference genome (mm9) using Bowtie (version 

0.12.7 parameter set -n 2 -k 1 -m 1) allowing up to 2 nucleotide mismatches to the reference 

genome and considering only uniquely mappable reads for downstream analyses (43). 

MeDIP-seq data was analyzed with MEDIPS package in R (44). For each sample, the 

aligned reads were extended in the sequencing direction to a length of 400 nucleotides. The 

short read coverage of the extended reads was calculated at genome wide 50 bp bins. 

MeDIP-seq reads were counted in the gene bodies of Refseq genes and differential 

methylation in gene bodies was assessed with edgeR package in R (45). To identify the 

differentially methylated regions (DMRs) throughout the genome we used various functions 

of MEDIPS package in R. Mean reads per million (RPM) values were calculated for genome 

wide 500 bp non-overlapping windows using MEDIPS.methylProfiling function. For any 

given 500 bp non-overlapping window, mean RPM were calculated with statistically 

significant DMRs having p-value < 0.001 and a ratio of < 0.5 (hypomethylated) or >2 

(hypermethylated) using MEDIPS.selectSignificants function of MEDIPS package. 

Continuous adjacent significant 500 bp DMRs were merged indicating an extended DMR. 

The DMRs identified for each comparison were annotated using CEAS. Wilcoxon test was 

used to determine if the differences between groups was statistically significant. For 

visualizing the methylation levels in the promoter (2-kb upstream to transcription start site 

(TSS)), gene body (TSS to transcription end site (TES)) and downstream (2-kb downstream 

to TES) we used metagene representation. Each region was divided into 20 equal non-

overlapping windows and all genes were normalized for length and sequencing depth, and 

average methylation was plotted as a metagene. To visualize the coverage density of 

MeDIP-seq reads, we calculated coverage density across the chromosomes using Rsamtools 

library, density function in R, and custom-written scripts (46). Two-sample Kolmogorov-

Smirnov test was used to determine if the differences between groups were statistically 

significant.

RNA-seq analysis was performed using Tuxedo programs with default parameters (47). 

Reads were aligned to the mouse reference genome (NCBI37, mm9) using TopHat (v1.4.1), 

then assembled into transcripts using Cufflinks (v.1.3.0). Differential analysis was 
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performed using Cuffdiff (v.1.3.0). Data were analyzed through the use of IPA (Ingenuity® 

Systems, www.ingenuity.com). Differentially expressed genes (DEGs) between Veh and 

TCDD (p ≤ 0.05) were used. The p-values of canonical pathways were corrected with the 

Benjamini-Hochberg method for multiple testing, with FDR<5%.

Correlation between MeDIP-seq and RNA-seq data was calculated using Spearman’s rank 

correlation coefficient. Promoter regions (2-kb upstream, 500-bp downstream of TSS) of 

DEGs with overlapping DMRs (hyper- or hypo methylated) were binned into 

hypomethylated and/or hyper-methylated promoters. Isolated RNA and MeDIP-ed DNA 

samples from purified CD8+ T cells were used for gene-specific qPCR. RNA was amplified 

with WT-Ovation PicoSL Kit (Nugen, San Carlos, CA), converted to cDNA, and reverse-

transcriptase (RT)-qPCR was performed using PrimeTime primers (IDT, Coralville, IA). 

L13 was used as a housekeeping gene, and analysis was performed by the ΔΔCt method (42) 

Immunoprecipitated DNA was prepared as above, followed by genome-wide amplification 

using GenomePlex Whole Genome Amplification Kit (Sigma-Aldrich, St. Louis, MO). 

qPCR on immunoprecipitated DNA was performed using EpiTect ChIP qPCR primers 

(QIAGEN, Valencia, CA). Primer location was chosen based on the location of the nearest 

differentially methylated region upstream of the TSS. Input values were used for 

normalization using the ΔΔCt method.

Results

Developmental exposure persistently changes CD8+ T cell responses to infection

During viral infection, naive CD8+ T cells with T cell receptors (TCR) specific for IAV 

proliferate and differentiate, forming armed effector cytotoxic T lymphocytes (CTLe) (Fig. 

1A). Prior to infection, adult offspring of vehicle control and TCDD-treated dams had a 

similar number of naïve (CD44lo) CD8+ T cells (Fig. 1B). MHCI restricted tetramers were 

utilized to identify and enumerate CD8+ T cells with TCR specific for two immunodominant 

peptide epitopes from IAV: nucleoprotein (NP366–372) and acid polymerase (PA224–233). We 

did not observe differences in the percent or number of virus-specific CD8+ T cells in 

uninfected developmentally exposed adult offspring, compared to offspring of control dams 

(Fig. 1C, 1D). This observation is consistent with prior reports that maternal exposure to this 

amount of TCDD did not alter thymic cellularity or the total number of T cells in lymphoid 

organs (11). However, following IAV infection there was a significantly blunted CD8+ T 

cell response in offspring of TCDD-treated dams, with 3-fold fewer CTLe and 50% fewer 

NP-specific and PA-specific CD8+ T cells in the developmentally exposed group (Fig. 1E, 

1F). By dosing pregnant Ahr+/− dams and monitoring immune responses in Ahr+/+ (wild 

type) and Ahr−/− (KO) offspring, we found that the presence of the AHR in the fetus/

offspring is required for maternal exposure to perturb CD8+ T cells later in life. Only 

infected Ahr+/+ offspring showed reduced CD8+ T cell responses to IAV, whereas Ahr−/− 

littermates did not (Fig. 1G, 1H). Thus, based on assessment of known immunodominant 

viral epitopes, developmental AHR activation did not discernably change the overall number 

of CD8+ T cells in naive animals; however, it altered their responsive capacity to infection. 

Further, this durable effect requires functional AHR protein in the developing offspring, 
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demonstrating that differences in the reaction of these cells to infection are driven by early 

life signaling through AHR.

Developmental activation of AHR alters global DNA methylation profiles in CD8+ T cells

We next determined whether developmental exposure alters global DNA methylation 

profiles in CD8+ T cells isolated from the offspring, and how these profiles change 

following infection. We hypothesized that altered DNA methylation due to early life AHR 

activation contributes to the poorer ability of naïve CD8+ T cells to become activated. In 

order to test this idea fully, it is critical to determine the profile of DNA methylation from 

the entire pool of CD8+ T cells from developmentally exposed mice, rather than investigate 

changes in DNA methylation patterns only in cells that were already activated. DNA was 

isolated from CD8+ T cells purified from naïve and infected adult offspring of vehicle and 

TCDD-treated dams. We used methylated DNA immunoprecipitation followed by next 

generation DNA sequencing (MeDIP-seq) to enrich for and compare methylated DNA (Fig. 

2A). MeDIP-seq generated 8–11 million reads per sample, with 70–82% alignment, high 

correlation between independent replicates (R > 0.996, p-value < 0.0001), and sufficient 

saturation (> 0.98) and coverage (Supplemental Fig. 1).

To identify differentially methylated regions (DMRs), we compared genome-wide DNA 

methylation in CD8+ T cells from each treatment group. The global distribution of DNA 

methylation was surprisingly similar between CD8+ lymphocytes from uninfected offspring 

of vehicle and TCDD treated dams (Veh naïve (VN) vs. TCDD naïve (TN), Fig. 2B). 

However, relative to IAV-infected offspring of control-treated dams, genome-wide DNA 

methylation was distinctly different in CD8+ T cells from infected offspring of TCDD 

treated dams (Fig. 2B, comparing TCDD infected (TI) vs. Veh infected (VI) groups), with 

overall skewing toward more hypomethylated DNA. Analysis of DNA methylation at 

individual chromosomes revealed a similar overall pattern, where TCDD infected offspring 

showed the most pronounced difference, with a general shift towards hypomethylation in 

CD8+ lymphocytes in this group compared to all other groups (representative chromosomes 

Chr 5 and Chr 17 in Fig. 2C; box plots for all chromosomes in Supplemental Fig. 2). 

However, analysis of CpG methylation along each chromosome revealed a more intricate 

pattern of altered methylation. Although the overall level of DNA methylation in CD8+ T 

cells from TCDD infected offspring was generally skewed toward hypomethylation, both 

hyper- and hypomethylated regions were observed along many chromosomes (Fig. 2D and 

Supplemental Fig. 3). Thus, developmental AHR activation followed by infection altered the 

DNA methylation landscape in CD8+ T cells. These changes covered large areas of 

chromosomes, were distributed across the whole genome, and resulted in a general shift 

towards hypomethylation.

While not fully understood, DNA methylation plays broad yet context specific roles in 

cellular function, which include maintenance of genome stability and regulation of gene 

expression. In addition to methylation at gene promoters, gene body and intergenic 

methylation may also play important regulatory roles (18). Metagene analyses, in which the 

length of upstream, gene body, and downstream regions for each gene were normalized and 

parsed into windows revealed that, compared to the other three groups, CD8+ T cells from 
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TCDD infected offspring again stood out as distinct, with decreased methylation upstream 

and downstream of genes (Fig. 2E). Further refinement, in which the genome was scanned 

using 500 bp windows revealed that in CD8+ lymphocytes from developmentally exposed 

mice, DMRs occurred across all genomic features, with many found in promoter regions, as 

well as non-coding (intergenic) regions and gene bodies (introns and coding exons, Fig. 2F–

G). While developmentally exposed naïve mice had very similar genome- and chromosome-

wide DNA methylation profiles, this analysis revealed that many DMRs were present 

between Veh naïve and TCDD naïve, consisting of hypermethylated and hypomethylated 

regions (Fig. 2F). Infected mice also revealed significant differences based on 

developmental exposure, as developmental activation of AHR led to many DMRs in all 

genomic areas. While these DMRs represented both hyper- and hypomethylated regions, 

there were an increased number of hypomethylated DMRs in promoter regions, coding 

exons, introns, downstream and distal intergenic regions of CD8+ lymphocytes from the 

TCDD infected group, consistent with the genome-wide shift towards hypomethylation (Fig. 

2G). Thus, developmental exposure to an exogenous AHR ligand caused some modest 

changes in DNA methylation patterns in naïve CD8+ T cells. Yet, when these cells 

responded to viral infection, substantive changes in DNA methylation were revealed, with a 

shift predominantly but not exclusively towards hypomethylation.

Gene expression profiles are altered by developmental activation of AHR

To examine whether developmental exposure also affects gene expression in CD8+ T cells, 

RNA-seq was performed on the same sample set created for MeDIP-seq (Fig. 2A). RNA-seq 

generated 15–20 million total reads per sample, with 87–89% of the reads aligning to the 

genome (Supplemental Fig. 1A). Consistent with the relatively quiescent state of naïve 

CD8+ T cells compared to CTL (48), IAV infection led to a marked upregulation of genes, 

regardless of maternal exposure (Fig. 3A). Comparing CD8+ T cells from Veh naïve to 

TCDD naïve groups, there were 69 differentially expressed genes (DEGs) (Fig. 3A–B, 

Supplemental Table I). Thirty-three genes had increased expression, whereas 36 had 

decreased expression. In contrast to uninfected mice, after infection, 428 DEGs were 

identified between CD8+ T cells from TCDD infected compared to Veh infected offspring, 

with almost all (402 genes) exhibiting increased expression in adult offspring of TCDD-

treated dams (Fig. 3A–B, Supplemental Table I). Given that AHR is a transcription factor, 

increased transcription in CD8+ T cells, and ultimately impaired function, could reflect 

persistent up-regulation of defined AHR target genes. However, interrogation of the RNA-

seq data set does not support this idea. Validated AHR target genes were not significantly 

differentially expressed in adult offspring of TCDD treated dams, compared to adult 

offspring of control dams (Fig. 4A). That is, statistically significantly enhanced expression 

of AHR target genes is observed in developmentally exposed mice neither prior to nor 

following infection. In contrast, developmental AHR activation caused transient and 

significant increases in AHR target genes in neonates. For example, enhanced expression of 

Cyp1a1 was observed in neonatal mice (i.e., shortly after maternal exposure to TCDD). 

Specifically, Cyp1a1 expression levels were 2292-times higher in the TCDD naïve group 

compared to the Veh naive group at PND7 (Fig. 4B). Thus, AHR activation induced 

expression of target genes during the exposure window, but the up-regulation of these genes 

was not sustained in CD8+ T cells in developmentally exposed mice. This indicates that the 
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DEGs are likely not AHR target genes themselves, but rather reflect altered transcriptional 

regulation caused by early life AHR activation.

To identify pathways represented by these DEGs, Ingenuity Pathway Analysis (IPA) was 

performed comparing Veh naïve to TCDD naïve and Veh infected to TCDD infected. Of the 

few genes altered in the Veh naïve-TCDD naïve comparison, most were enriched in tumor 

necrosis factor receptor (TNFR) or other signaling pathways. Similar to DMRs, changes in 

gene expression in CD8+ lymphocytes from adult animals that were developmentally 

exposed became considerably more evident after infection. The major pathways enriched in 

CD8+ T cells from TCDD infected versus Veh infected included cell cycle regulation and 

DNA damage (Fig. 3C–D). Genes and pathways involved in immune responses to IAV were 

also differentially expressed (Fig. 3D). Deregulation of these pathways corresponds with 

altered CD8+ T cell clonal expansion and differentiation observed in infected 

developmentally exposed mice. Another key finding is that pathways involved in epigenetic 

regulation and DNA methylation were not altered in offspring of TCDD-treated dams 

(regardless of infection). Although Wu et al. (2004) reported increased DNMT activity in 

mouse embryos treated directly ex vivo with TCDD (20), we observed no differences in the 

relative level of expression of Dnmt1, Dnmt3a or Dnmt3b in purified CD8+ T cells from 

developmentally exposed mice (Fig. 5A). To further explore the idea that AHR may play a 

role in the regulation of DNMTs, we identified putative binding sites for AHR (AHR 

response elements, AHREs) in the upstream regulatory regions and gene bodies of all three 

Dnmt genes (Fig. 5B). Using chromatin immunoprecipitation, we next investigated whether 

maternal exposure leads to binding of AHR to these putative AHREs. We were unable to 

detect alterations in binding of AHR to these genes in bone marrow cells, thymocytes, or 

CD8+ T cells from developmentally exposed mice (Fig. 5C–E). Thus, while developmental 

exposure altered DNA methylation across the genome, and influenced expression of many 

other genes, we found no evidence that this was achieved through AHR persistently or 

directly altering Dnmt gene expression.

Correlations between DMRs and gene expression were observed following infection

DNA methylation influences transcriptional regulation in a context-specific manner, and 

recent work indicates a role of DNA methylation in gene bodies as well as promoters (18). 

To directly examine correlations between DNA methylation and gene expression in these 

genomic locations, we integrated the MeDIP-seq and RNA-seq datasets. Consistent with 

other observations reported herein, differences in gene body methylation were more 

pronounced in CD8+ T cells from infected offspring. When comparing genes with 

differential gene body methylation in Veh infected and TCDD infected groups, we observed 

1213 hypomethylated and 479 hypermethylated genes, with many involved in immune 

regulation, proliferation, transcription and epigenetic regulation differentially methylated 

(Fig. 6). However, there was little correlation between DMRs in gene bodies and gene 

expression.

DNA methylation of promoter regions across the genome was significantly diminished in 

CD8+ T cells from TCDD infected offspring compared to all other groups (Fig. 7A). 

Considering DEGs in Veh naïve versus TCDD naïve and Veh infected versus TCDD 

Winans et al. Page 9

J Immunol. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



infected, we determined whether the promoter region for each DEG was differentially 

methylated (Fig. 7B–C). The Veh naïve versus TCDD naïve comparison had few DEGs 

containing DMRs in their promoters (Fig. 7B). In contrast, the majority of DEGs in the Veh 

infected to TCDD infected comparison had either hypomethylation or a mixture of hyper- 

and hypomethylation at their promoters (Fig. 7C). We next examined whether differential 

promoter methylation (hypo- or hypermethylation) correlated with altered gene expression. 

For CD8+ T cells from Veh naïve versus TCDD naïve, changes in promoter methylation and 

gene expression had no correlation (Fig. 7D). However, following infection, changes in 

promoter methylation inversely correlated with gene expression in the Veh infected-TCDD 

infected comparison (Fig. 7E).

To further affirm the observed DMRs and DEGs identified by high throughput sequencing, a 

subset of 25 genes from CD8+ T cells purified from developmentally exposed mice were 

examined. When visualized with a genome browser, the data show consistently that cells 

from the TCDD-exposed and infected group have a methylation pattern that is distinct from 

the other groups. For example, promoter methylation of three representative genes, Gzmb, 

Ccnb2, and Smarca4, which are involved in CD8+ T cell activation, cell cycle regulation and 

DNA damage repair, respectively, showed notable differences upstream of the TSS (Fig. 

7F–H). Differential methylation and gene expression were independently examined by 

qPCR using CD8+ T cells isolated from all four groups. In agreement with sequencing data, 

genes such Gzmb, Ccnb2, and Smarca4 had diminished promoter methylation and elevated 

gene expression when isolated from infected offspring that were developmentally exposed to 

TCDD versus those from infected offspring of Veh treated dams (Fig. 7I–K). Thus, target 

gene approaches support the overall correlation between promoter methylation and gene 

expression that were observed using genome-wide approaches. Moreover, these data show 

that developmental activation of AHR modifies promoter methylation in CD8+ T cells that 

are responding to infection, and these changes correlate with altered gene transcription and 

with reduced clonal expansion and differentiation.

Discussion

The AHR has been extensively studied as an environmental sensor that promotes the 

metabolism and elimination of pollutants, yet it is now clear that it plays a much broader 

role, including regulation of the immune system (8). Although developmental exposure to 

environmental AHR ligands alters immune function in animal models and human 

populations, how AHR exerts these persistent changes has remained enigmatic (2, 6, 10). 

We demonstrated that early life activation of AHR fundamentally alters the responsive 

capacity of CD8+ T cells. Yet, this altered response was not due to fewer CD8+ T cells in 

developmentally exposed animals prior to infection, nor was it due to sustained expression 

of AHR target genes repressing CD8+ T cell function. Instead, developmental signaling 

through AHR reprogrammed DNA methylation and gene expression profiles of CD8+ T 

cells, which likely contributes to their diminished response following infection. Surprisingly, 

the mechanism is not simply AHR-mediated increases in DNA hypermethylation causing 

gene silencing in CD8+ T cells. Rather, this work reveals a more intricate mechanism. 

Changes in DNA methylation and gene expression in T cells from developmentally exposed 

mice were relatively modest prior to infection, but became more evident and complex 

Winans et al. Page 10

J Immunol. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



following infection. This indicates that AHR modifies the responsive capacity of developing 

CD8+ T cells, and regulates their function by influencing multifaceted interactions between 

DNA methylation and gene expression during response to infection.

The underlying reason that developmental activation of AHR results in a poorer CD8+ T cell 

response to influenza virus infection later in life is not known. It could be due to changes 

within the effector cell subset, but could also be due to other changes, such as negative 

regulatory signals in the CD8+ T cells that are not CD44hiCD62Llo. Given that this is the 

first time a whole genome analysis of DNA methylation and gene expression of CD8+ T 

cells in mice following developmental activation of AHR has been performed, it was 

important to not exclude non-activated cells a priori, because doing so could have biased the 

information obtained and missed critical differences. Thus, in this study we interrogated 

DNA methylation and gene expression profiles of the total pool of CD8+ T cells from 

developmentally exposed mice, not just in the cells that had acquired an effector phenotype. 

Using this unbiased approach, we discovered that early life activation of AHR skews gene 

promoters toward hypomethylation following infection in CD8+ T cells, potentially causing 

the inappropriately enhanced transcription observed. Disrupted transcriptional potential may 

result from differential methylation at individual gene promoters, or from broader areas of 

differential methylation observed across chromosomes. For instance, it is possible that 

altered DNA methylation influences regulation of enhancer regions and other genomic 

elements, as our data reveal that triggering AHR during development changes DNA 

methylation in CD8+ T cells across many genomic features. Given emerging understanding 

of the complex ways that DNA methylation contributes to transcriptional regulation in other 

cell types (18), these changes outside of gene promoters may have broad and yet-unrealized 

implications as to how early life activation of AHR influences T cell function. Likewise, it 

will be interesting and important to determine which changes in DNA methylation reflect 

changes in distinct subsets of the total CD8+ T cell pool (e.g., naïve vs. effector), which may 

further reveal nuances in how developmental exposures leads to changes in DNA 

methylation patterns and how these are linked to an altered response later in life.

Combined with genome-wide changes in DNA methylation patterns, gene expression 

profiling demonstrates that early life AHR activation durably alters the responsive capacity 

of T cells. Based on the observed differences in gene expression in developmentally exposed 

infected mice, the defective CD8+ T cell response is not simply due to these cells remaining 

in a naïve state following infection, nor is it due to overt loss of expression of genes required 

for effector function. Instead, developmental AHR activation alters the transcriptional 

profile in CD8+ T cells, and the observed changes suggest several potential defects, which 

are not mutually exclusive. For instance, infected, developmentally exposed mice had fewer 

CTL and virus-specific CD8+ T cells, yet expression of effector genes remained high (for 

example, Gzmb), which is similar to exhausted T cells (49). Generally observed after 

prolonged exposure to antigen, such as in chronic infections, exhausted T cells paradoxically 

lose effector function but retain expression of genes for key effector molecules. Consistent 

with this overall idea, AHR regulates, either directly or indirectly, proliferation capacity and 

exhaustion in hematopoietic stem cells, as well as cellular senescence in other cell types 

(50–55). Inappropriate early life AHR signaling could also lead to an immune system that is 
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improperly poised toward tolerance, an essential regulatory mechanism that prevents self-

reactive lymphocytes from responding. Indeed, deregulated tolerance underlies imbalanced 

immunity and contributes to disease (56). Interestingly, CD8+ T cells from developmentally 

exposed and infected mice and tolerized CD8+ T cells share a similar pattern of 

differentially expressed genes, including those involved in cell cycle regulation and DNA 

repair (56). Related to tolerance and culling of inappropriately activated T cells are 

apoptosis and deletion of improperly activated T cells, such as via activation induced cell 

death (AICD). At higher doses of TCDD, enhanced thymocyte apoptosis has been observed 

(57, 58). However, we did not detect an increase in apoptotic CD8+ T cells from 

developmentally exposed mice (data not shown), nor did we find differences in DNA 

methylation or expression of genes associated with apoptosis or AICD. However, the overall 

shift toward DNA hypomethylation could signify that developmental exposure leads to 

greater genomic instability in T cells. Genomic instability can enhance DNA damage (59, 

60), potentially contributing to the reduced clonal expansion of CD8+ T cells after infection. 

Pathways involved in DNA damage repair and cell cycle regulation were enriched among 

the DEGs. Moreover, while not examined in the context of developmental exposure, AHR 

agonists influence DNA stability (61). These observations suggest early life AHR activation 

influences CD8+ T cell function later in life without causing overt immunotoxicity. 

Consistent with these potential mechanisms discussed here, recent human transcriptomic 

data show correlations between fetal exposure to AHR-binding pollutants, including TCDD, 

and altered expression of genes involved in immune regulation, cell cycle and antigen 

processing and presentation in cord blood cells (62).

We showed that developmental exposure to an AHR ligand disrupts DNA methylation and 

gene expression profiles in CD8+ T cells. Yet, in order to fully understand how the early life 

environment shapes the function of the immune system later in life, it will be important to 

investigate how AHR affects other epigenetic regulatory mechanisms, and to integrate these 

changes in the context of cell-cell interactions that are the foundation of antiviral T cell 

responses. For instance, in addition to DNA methylation, DNA hydroxymethylation, histone 

modifications, and microRNAs (miRNAs) shape the epigenetic landscape to influence 

transcription and cellular function. Although not examined in the context of developmental 

exposures, in non-immune cells, AHR ligands alter regulation of histone modifications (63–

66). AHR activation in fetal thymocytes alters levels of many miRNAs that might be 

involved in T cell activation (67, 68). Thus, in addition to DNA methylation, developmental 

AHR activation may alter other epigenetic mechanisms. Furthermore, developmental 

exposure could influence different epigenetic mechanisms in different immune cells at the 

same time, such that altered response reflects the net effect of multiple epigenetic changes in 

more than one cell type. For example, as naïve CD8+ T cells differentiate into CTL, 

accessory cells, such as dendritic cells (DCs) and CD4+ T cells deliver key co-stimulatory 

and regulatory signals. Our data demonstrate that changes in DNA methylation and gene 

expression in CD8+ T cells from developmentally exposed mice are most pronounced 

following infection, implicating altered signaling from accessory cells as a potential 

mechanism by which AHR alters CD8+ T cell function. Developmental exposure could 

reduce CD8+ T cell activation not only by altering DNA methylation patterns in CD8+ 

lymphocytes, but by influencing epigenetic mechanisms in DCs and/or CD4+ T cells, thus 
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impairing their function. In support of this idea, developmental AHR activation was recently 

shown to impair CD4+ T cell activation and subset specification following IAV infection, 

including skewing towards more T regulatory cells (35). Other types of early life exposures 

also impinge on CD4+ T cell-dependent function in offspring (69, 70). The consequences of 

developmental exposure to AHR ligands on DC function have yet to be explored, but early 

life exposure to other environmental agents affects DCs (71). Moreover, in the fully mature 

immune system, AHR modulates DC frequency and function (38, 72, 73). Thus, it will be 

important to interrogate AHR-mediated alterations in other immune cell types, and integrate 

this information to establish the contribution of intrinsic changes, such as alterations in DNA 

methylation and gene expression, with changes in key accessory cells to fully understand all 

the pathways that lead to impaired CD8+ T cell responses to infection.

DNA methylation patterns are sensitive to early life environmental insults, although the 

functional consequences of such changes are not fully understood, particularly in the context 

of immune responses to infection. Early life exposure to AHR binding pollutants causes 

enduring changes in the responsive capacity of the immune system, including reduced CD8+ 

T cell clonal expansion and differentiation in response to IAV. As CD8+ T cells respond to 

acute primary infection, their DNA methylation profiles change, and this is thought to 

influence acquisition of effector function (34). However, mechanisms that lead to long-

lasting functional deficits following early life exposures are unknown. Here we demonstrate 

that activation of AHR during development alters DNA methylation and gene expression 

profiles in CD8+ T cells of adult offspring. Changes in DNA methylation are relatively 

subtle in the absence of infection. However, as CD8+ T cells respond to viral infection, 

pronounced differences in DNA methylation are revealed across the genome. These findings 

reveal that early life AHR activation alters the interaction between DNA methylation and 

gene expression, which could contribute to the reduced responsive capacity of CD8+ T cells. 

The implications of this include a better understanding of how early life exposures to 

chemicals that bind AHR durably shape immunity later in life, and provide a new line of 

thinking with regard to AHR as a key regulator of the development and function of the 

immune system.
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AHR aryl hydrocarbon receptor
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AICD activation induced cell death

ChIP chromatin immunoprecipitation

DC dendritic cell

DEG differentially expressed gene

DNMT DNA methyltransferase

DMR differentially methylated region

FMO fluorescence minus one

GD gestation day

IAV influenza A virus

IPA Ingenuity Pathway Analysis

KO Ahr−/− knockout

MeDIP-seq methylated DNA immunoprecipitation-high throughput sequencing

miRNA microRNA

MLN mediatstinal lymph node

NP nucleoprotein

PA acid polymerase

PAH polycyclic aromatic hydrocarbon

PCB polychlorinated biphenyl

PND post natal day

qPCR real time PCR

RNA-seq RNA-high throughput sequencing

RPM reads per million

TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxin

TES transcription end site

TI developmentally exposed to TCDD and infected

TN developmentally exposed to TCDD and naive

TSS transcription start site

Veh vehicle control

VI developmentally exposed to Veh and infected

VN developmentally exposed to Veh and naive

WT Ahr+/+ wild type
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FIGURE 1. 
Developmental exposure impairs the CTL response to IAV without altering frequency of 

naïve CD8+ T cells. (A) Key changes accompanying CD8+ T cells after infection. B–D: 
Data in the left column are from naïve offspring. Peripheral lymph nodes were harvested 

from uninfected adult mice developmentally exposed to vehicle control (Veh) or TCDD. 

Isolated cells were stained with MHC class I-restricted tetramers and antibodies, as 

described in the Materials and Methods. Doublet discrimination, exclusion of dead cells, 

and gating on CD3+ cells were performed, and then CD8+CD44lo T cells, Db/NP366–374
+ 

CD8+ T cells, and Db/PA224–233
+CD8+ T cells were defined based on FMO controls. (B) 
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The average number of naïve (CD44lo) CD8+ T cells in naïve developmentally exposed 

mice is shown. (C) Representative dot plots depict Db/NP366–374
+ and Db/PA224–233

+CD8+ 

T cells in lymph nodes from each group; the number on the plots is the percentage in the 

gated region. (D) The average number of Db/NP366–374 and Db/PA224–233 specific CD8+ T 

cells per lymph node is shown. E–H: Data from infected offspring are presented the right 

column. (E,F) Developmentally exposed wild-type (Ahr+/+) mice were infected with IAV at 

maturity, and 9 days later the number of CTL effectors (CD44hiCD62Llo CD8+ T cells), and 

virus NP-specific and PA-specific CD8+ T cells in the mediastinal lymph nodes (MLN) 

were determined by flow cytometry. (G,H) Developmentally exposed Ahr−/− (KO) mice 

were infected with IAV at maturity, and 9 days later the number of CTL effectors, Db/

NP366–374
+ and Db/PA224–233

+CD8+ T cells in the MLN were determined. Data are shown 

as mean ± SEM and depict findings from female offspring. Separate assessments using 

offspring of both sexes yielded similar results (data not shown). Evaluation of naïve mice 

(8–9 sex matched offspring from separate dams for each group) was performed once; data 

from infected mice (5–6 same sex offspring from separate dams) are from one experiment 

that is representative of at least two independent experiments. * indicates p ≤ 0.05 using a 

Student’s t test.
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FIGURE 2. 
DNA methylation is altered in CD8+ T cells following developmental AHR activation. (A) 

At maturity CD8+ T cells were isolated from naïve or IAV infected mice that were 

developmentally exposed to Veh or TCDD. To provide sufficient material, CD8+ T cells 

from up to 15 female littermates, derived from 2–3 dams, were pooled to create each 

sample. Methylated DNA immunoprecipitation and high-throughput sequencing (MeDIP-

seq) was performed. (B,C) Box plots of (B) genome-wide and (C) representative 

chromosome-specific DNA methylation (chromosomes 5 and 17) for Veh naïve (VN), 

TCDD naïve (TN), Veh infected (VI) and TCDD infected (TI) are shown. Y-axis shows 

reads per million (RPM). (D) Coverage plots of selected chromosomes are shown. (E) 

Metagene analysis of upstream (2-kb upstream to transcription start site, TSS), gene body 

(TSS to transcription end site, TES) and downstream (TES to 2-kb downstream) regions, in 

which all genes were normalized for length and the average methylation is shown. (F,G) 

The genome was scanned with a 500-bp window, and DMRs were identified. 

Hypomethylated and hypermethylated DMRs located in various genomic features for the 
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comparisons (F) Veh naïve vs. TCDD naïve and (G) Veh infected vs. TCDD infected are 

shown. * indicates p ≤ 0.00001 between treatment groups of similar infection status using 

the Wilcoxon rank sum test.
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FIGURE 3. 
Many genes are differentially expressed following developmental signaling of AHR. Gene 

expression was measured in CD8+ T cells by RNA-seq from the four groups depicted in 

Figure 2A. (A) The number of differentially expressed genes (DEGs) is shown for each 

comparison, at FDR<5%. (B) For the Veh naïve vs. TCDD naïve and Veh infected vs. 

TCDD infected comparisons, the log2 (fold change) is plotted for each DEG. (C) For these 

same comparisons, IPA analysis was performed. Only pathways significantly enriched 

(Benjamini-Hochberg method for multiple testing, FDR<5%) and relevant for the CD8+ T 

cell response to infection are shown. x-axis indicates the ratio of DEGs to all genes in the 

IPA gene set. (D) Fold change values for selected genes involved in the immune response to 

IAV are listed. Values in bold font are statistically significant (FDR<5%). Full list of DEGs 

is presented in Supplemental Table I.
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FIGURE 4. 
AHR target genes are modulated in neonates but not at maturity. (A) At maturity (6–8 weeks 

of age), CD8+ T cells were isolated from developmentally exposed mice and gene 

expression evaluated. Validated AHR target genes are listed, with the ratio of RNA-seq 

normalized reads for TCDD/Veh for naïve and infected shown. No statistically significant 

differences were observed at FDR <5%. Similar results were obtained using qPCR (not 

shown). ND = not detected. (B) Mean Cyp1a1 expression at PND7. Livers were removed 

from 7-day-old offspring of different dams that were treated Veh or TCDD. Nucleic acids 

were prepared, reverse transcribed, and used for qPCR. Data were analyzed using the ΔΔCT 

method, using L13 as an internal control. * indicates p ≤ 0.05 using a Student’s t test.
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FIGURE 5. 
Developmental activation of AHR does not lead to changes in Dnmt expression. (A) Dnmt 

expression levels were measured by RT-qPCR in CD8+ T cells isolated from 

developmentally exposed mice. Relative expression is presented as ΔΔCT normalized to 

L13. (B) Putative aryl hydrocarbon receptor elements (AHREs) were identified upstream 

and in the gene bodies of Dnmt1, Dnmt3a and Dnmt3b. (C–E) Binding of AHR to putative 

AHREs was measured by chromatin immunoprecipitation (ChIP) assay using isolated bone 

marrow cells, thymocytes, and CD8+ T cells. DNA enrichment is represented as the percent 

of total input after subtracting the values of the relevant control antibodies. Representative 

results are shown for the putative AHREs indicated by * in (B), and are consistent across the 

others tested.
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FIGURE 6. 
Differential gene body methylation is observed following developmental activation of AHR. 

(A) Differential gene body methylation is compared in CD8+ T cells from infected adult 

offspring of vehicle and TCDD treated dams. The graph depicts the log2 (fold change) of 

differentially methylated gene bodies for each gene, with hypermethylated genes shown in 

red and hypomethylated genes shown in blue. (B) IPA analysis was performed on these 

genes. Significantly different pathways relevant for the CD8+ T cell response to infection 

are shown, indicating the contribution from hyper- and hypomethylated genes. The x-axis 

indicates the ratio of genes with differential gene body methylation to all genes in the 

indicated IPA pathway.
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FIGURE 7. 
Changes in gene expression correlate with promoter methylation in infected and 

developmentally exposed mice. (A) Genome-wide methylation at promoters (2 kb upstream 

to TSS) is shown for Veh naïve (VN), TCDD naïve (TN), Veh infected (VI) and TCDD 

infected (TI). (B,C) Differentially methylated regions (DMRs) at gene promoters were 

determined for the differentially expressed genes (DEGs) in the (B) Veh naïve vs. TCDD 

naïve and (C) Veh infected vs. TCDD infected comparisons. Promoters were classified as 

containing only hypermethylated DMRs (Hyper), only hypomethylated DMRs (Hypo), both 

hyper- and hypomethylated DMRs (Both), or lacking any DMRs (No DMR), and the 

number of DEG promoters in each category is shown. (D,E) For the DEGs in the (D) Veh 

naïve vs. TCDD naïve and (E) Veh infected vs. TCDD infected comparisons that had a 

unidirectional change in promoter methylation (Hyper only or Hypo only), the RPM 

difference in methylation is plotted on the x-axis, and the log2 (fold change) of gene 

expression is plotted on the y-axis. Correlation coefficient and p-value are indicated on each 
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plot. * indicates p ≤ 0.00001 between treatment groups of similar infection status using the 

Wilcoxon rank sum test. (F–H) Visualization of promoter methylation using the UCSC 

browser was performed. Maximal height for visualization was set at rpm = 1.5 for all 

MeDIP-seq tracks. Traces show relative DNA methylation across the promoter regions for 

Grzmb, Ccnb2 and Smarca4; TSS indicated with an arrow. (I–J) CD8+ T cells were isolated 

from naïve (not shown) and infected adult mice that had been exposed during development 

to Vehicle or TCDD. RNA and DNA were prepared separately from the same pool of 

purified CD8+ T cells. Following MeDIP, qPCR was used to evaluate and compare promoter 

methylation (black bars). Input DNA values were used for normalization. Gene expression 

in CD8+ T cells was determined using RT-qPCR (grey bars). Data were analyzed using the 

ΔΔCT method, with L13 serving as the internal control. The qPCR data are presented as 

log2 fold change in the TCDD infected (TI) group relative to cells from the Vehicle infected 

(VI) exposure group.
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