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Abstract

The differentiation of CD8 T cells in response to acute infection results in the acquisition of
hallmark phenotypic effector functions, however the epigenetic mechanisms that program this
differentiation process on a genome-wide scale are largely unknown. Here we report the DNA
methylomes of antigen-specific naive and day 8 effector CD8 T cells following acute LCMV
infection. During effector CD8 T cell differentiation, DNA methylation was remodeled such that
changes in DNA methylation at gene promoter regions negatively correlated with gene expression.
Importantly, differentially methylated regions (DMRs?) were enriched at cis-elements, including
enhancers active in naive T cells. DMRs were associated with cell type-specific transcription
factor binding sites, and these transcription factors clustered into modules that define networks
targeted by epigenetic regulation and control of effector CD8 T cell function. Changes in the DNA
methylation profile following CD8 T cell activation, revealed numerous cellular processes, c/s-
elements, and transcription factor networks targeted by DNA methylation. Together, the results
demonstrated that DNA methylation remodeling accompanies the acquisition of the CD8 T cell
effector phenotype and repression of the naive cell state. These data therefore provide the
framework for an epigenetic mechanism that is required for effector CD8 T cell differentiation and
adaptive immune responses.

Introduction

In response to acute infection naive CD8 T cells differentiate into effector cells capable of
killing infected cells and clearing the infection. Effector CD8 T cell function is characterized
by the induction of a specific transcriptional program that drives rapid proliferation,
expression of key cytokines and effector proteins necessary for cell killing, and the capacity
to migrate into infected tissue (1-4). Upon antigen clearance, 90% of effector cells undergo
apoptosis while the remaining cells complete their differentiation into a pool of memory
CD8 T cells (5). A number of the critical transcription factors that drive this differentiation
program, such as Blimp-1 (PrdmI), Tbet (7b6x21), and Eomesodermin (£omes) have been
identified and characterized (2, 6, 7). However, little is known about the epigenetic
programs that enforce the induced gene expression changes and permit faithful inheritance
of effector function during the proliferative phase of infection.
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Epigenetic mechanisms ensure the maintenance and inheritance of gene expression
programs through cell division and include DNA methylation and histone modifications (8,
9). Mammalian DNA methylation primarily involves the methylation of CpG dinucleotides
and is associated with a repressed epigenetic state when found in gene promoters (8, 10-12).
DNA methylation is maintained or deposited de novo by one of three DNA
methyltransferases (DNMT1, DNMT3A, and DNMT3B). Methylated CpG DNA is
recognized/interpreted by a family of methyl-CpG binding proteins (10, 13, 14). DNA
methylation readers and writers are vital components of the adaptive immune response.
Deletion of the maintenance methyltransferase DNMT1 during T cell development resulted
in normal lineage formation but led to homeostatic defects and the inability to silence
lineage specific genes in CD4 T cell differentiation (15). Similarly, deletion of the de novo
methyltransferase DNMT3A in CD4 T cells did not affect lineage specification but
permitted ectopic cytokine expression and increased lineage plasticity (16). Interestingly,
conditional deletion of DNMT1 at the time of CD8 T cell activation resulted in a diminished
effector pool, fewer memory CD8 T cells, and reduced ability to clear antigen (17). In
contrast, deletion of the DNA methylation reader MBD2 had no effect on proliferation but
inhibited the formation of a functional memory compartment following viral challenge (18).
These studies demonstrate the importance of DNA methylation in maintaining phenotypic
programs during the rapid proliferation of effector CD8 T cells and indicate that correct
interpretation of methylated sequences is functionally important for the adaptive immune
response.

The dynamic nature of DNA methylation in hematopoietic cell types has been cataloged
during early differentiation of the myeloid and lymphoid lineages (19), mouse erythropoiesis
(20), and between human regulatory T cells (Tregs) and naive CD4 cells (21). However,
none of these studies profiled a clonal or antigen-specific population of cells. A recent study
in CD4 T cells demonstrated that developmental T cell receptor (TCR) specific signaling
can establish a preexisting methylation profile such that only CD4 T cells that upregulated
Foxp3 and exhibited a specific methylation epitype were able to differentiate into the Treg
lineage (22). These data suggest epigenetic heterogeneity in the naive CD4 T cell pool and
highlight the importance and value of profiling the linear differentiation of cells that possess
asingle TCR.

Dynamic DNA methylation in CD8 T cells has previously been studied only at the single
gene level. The effector cytokine /fng and inhibitory receptor Pdcdl genes are methylated
and silenced in naive CD8 T cells, demethylated and expressed at the effector stage, and
remethylated when expression is silenced in memory CD8 T cells (23, 24). Methylation
changes at the Pdcdl locus occurred in key regulatory regions (23, 25). Changes in DNA
methylation at cell-type specific enhancer regions for /fng have been described during CD4
T cell lineage specification but only at the promoter in CD8 T cells (24, 26). These studies
show that DNA methylation is dynamically regulated during differentiation of CD8 T cells
and suggests that it is targeted to c/s-regulatory elements. Following differentiation cues in
ES cells, DNA-binding factors direct sequence-specific modifications to the epigenome,
influencing local epigenetic states, including DNA methylation (27). Therefore, mapping the
sites of differential DNA methylation during differentiation could identify novel regulatory
elements and the sequences bound by factors that drive epigenetic remodeling. Moreover,
such maps provide a foundation for how CD8 T cell differentiation programs are imprinted
within the genome.

Infection of C57BI/6 mice with the lymphocytic choriomeningitis virus (LCMV) Armstrong
strain results in an acute infection that is cleared typically within 8 days. At this time point,
antigen-specific CD8 T cell numbers have peaked and the cells have fully differentiated into
effector cells. To derive an understanding of the epigenetic mechanisms controlling this
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differentiation, we mapped genome-wide DNA methylation in naive and day 8 (D8) effector
CD8 T cells following LCMV Armstrong infection. DNA methylation was globally
remodeled during effector cell differentiation and promoter DNA methylation changes
inversely correlated with gene expression. We examined active enhancers and observed that
an overall gain in methylation occurred at these regions in D8 effector CD8 T cells,
suggesting that an epigenetic silencing mechanism is functioning at these sites during their
differentiation. Importantly, we found that differentially methylated regions (DMRs) were
enriched for transcription factor motifs that coordinated effector CD8 T cell differentiation
and function in response to external stimuli. Together, these data identify novel regulatory
regions and transcription factor networks, which suggest that DNA methylation is an
important and dynamic epigenetic mechanism contributing to the formation and/or
maintenance of the effector CD8 T cell state.

Materials & Methods

Isolation of antigen-specific CD8 T cells

Methyl-DNA

LCMV-specific splenic CD8 T cells were obtained from naive transgenic P14 mice that
have a transgenic TCR recognizing the H-2 D GP33-41 epitope of LCMV (28). Chimeric
mice were generated by intravenous adoptive transfer of 10° congenically labeled Thy1.1*
naive LCMV-specific CD8 T cells into Thy1.2* C57BL/6 recipients. 24 hours after adoptive
transfer, chimeric mice were infected with 2x10° pfu of LCMV Armstrong. LCMV-specific
effector CD8 T cells were obtained from the spleen 8 days post-infection (D8 effectors).
CD8 T cells were purified by FACS using fluorescently labeled CD90.1 (Thy1.1) and CD8
antibodies as previously described (1, 5, 18, 24). Naive P14 cells were FACS purified and
used as antigen-specific naive CD8 T cells. All animal experiments were approved by the
Emory University Institutional Animal Care and Use Committee.

Immunoprecipitation sequencing (MeDIP-seq)

MeDIP-seq was performed as described previously (29, 30). Briefly, 2 ug of pooled
genomic DNA from three independent isolations of naive and D8 effector CD8 T cells, and
input control were sonicated to an average size of 300 bp, end repaired, A-tailed, and
sequencing adaptors ligated according to the manufacturer’s recommended protocol
(Illumina, Inc). Following agarose gel size selection, naive and D8 effector CD8 T cell
samples were immunoprecipitated with 1 pg of an anti-5-methylcytosine antibody
(Eurogentec) at 4°C over night. Methylated DNA was purified and 1/3 of the sample
amplified for 12 cycles by PCR along with the input fraction to generate sequencing
libraries. Libraries were quantitated by Agilent BioAnalyzer, and each library was
sequenced using a single-end, 50bp protocol on a single lane of a HiSeq2000 instrument at
the Southern California Genotyping Consortium. All sequencing data is freely available via
the GEO database (http://www.ncbi.nlm.nih.gov/geo/) accession number GSE44638.

MeDIP-seq Analysis

Raw sequencing reads were mapped to the mouse genome (mm39) using Bowtie (31) and
only those uniquely mappable and non-redundant reads were used in subsequent analyses.
Manipulation, annotation, and analysis of sequence data were performed using HOMER
software (32) and custom R and PERL scripts, which are available upon request. To identify
DMRs, we used the MEDIPS package that makes use of a sliding window approach (33).
Briefly, we extended each read to 300 bp such that they represent the average fragment size
of immunoprecipitated DNA as determined by the Agilent BioAnalyzer trace. We compared
the average enrichment measured as the mean reads per million (rpm) in 10 bp bins, for 200
bp sliding windows, and incremented the window 100 bp at a time. Bin, window, and
increment parameters that produced the fewest number of DMRs not containing a CpG were
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chosen after comparison of a range of values. Regions where naive and D8 effector CD8 T
cell samples did not contain enrichment greater than the 90™ percentile of the input (rpm)
were eliminated due to lack of enrichment. Regions that contained input, naive, or D8
effector enrichment above the 99.999 percentile were eliminated as sequencing artifacts. A
values calculated by MEDIPS were corrected for multiple hypotheses testing using the
Benjamini-Yekutieli correction. A false discovery rate (FDR) of less than 0.01 was
considered significant. Significance of DMR enrichment at promoters and enhancers was
determined by permutation testing. The locations of the promoters or enhancers were
shuffled 1,000 times and the number of DMRs that overlapped the permuted set of
promoters or enhancers recalculated and compared that to the actual number of overlaps.
The P-value was equal to the number of times the permuted data had a larger overlap than
the actual data, divided by the permutations.

Bisulfite sequencing

10 ng of genomic DNA was treated with sodium bisulfite to convert unmethylated cytosines
to uracils with the EpiTech Bisulfite Kit according to the manufacturer’s protocol (Qiagen,
Inc). Bisulfite converted DNA was amplified by PCR and the amplicons cloned using Topo
TA vectors (Invitrogen). Positive colonies were purified and sequenced (Beckman Coulter
Genomics). Bisulfite sequences were aligned to their respective /n sifico bisulfite converted
genomic sequences using the Bioconductor Biostrings R package and custom R scripts,
which are available upon request. Only sequences that contained data for all CpGs and with
a bisulfite conversion rate of greater than 95% (as determined by conversion of non-CpG
cytosines to uracil and subsequent amplification as thymine) were included in the analysis.
Significance was determined by a one sided Fisher’s exact test. All bisulfite PCR primers
are listed in Supplemental Table 1.

Gene Expression and Histone Data Analysis

Results

Differential gene expression between naive and D8 effector CD8 T cells has been described
previously (4). Microarray data were downloaded from the GEO database, accession number
GSE9650, and genes that changed greater than 1.5 fold with an FDR less than 0.05 were
identified by Significance Analysis of Microarrays (34). Histone modification profiles
present in the thymus were identified by ChlP-seq as part of the ENCODE project (35). All
ENCODE data sets used in this study are listed in Supplemental Table 1. Raw ChlP-seq
reads were mapped to the mouse genome (mm9) using Bowtie (31) and significantly
enriched peaks relative to input control identified by HOMER software (32) using the
“histone” setting. Overlapping and unique peaks were determined using Bedtools (36).

DNA methylation of naive and D8 effector P14 CD8 T cells

DNA methylation at /fng and Pdcd1 gene promoters in CD8 T cells changed during their
differentiation and negatively correlated with transcription of these genes (23, 24),
suggesting that other genes or perhaps many genes within CD8 T cells use DNA
methylation to mediate control of gene expression. To investigate the global role for DNA
methylation in CD8 T cells during an acute viral infection, the LCMV Armstrong strain was
used as an infection model. P14 transgenic mice harbor a knock-in T-cell receptor specific
for the H2-DP-restricted GP33-41 epitope of LCMV (28). The use of P14 transgenic mice
ensure that TCR affinity for peptide-MHC-I molecules is equal among clonal P14 CD8 T
cells during development and an immune response (22). Adoptive transfer of naive P14 CD8
T cells into wild-type mice, followed by infection with LCMV Armstrong leads to a robust
adaptive immune response and viral clearance (1, 5, 37). Thus, naive splenic
(CD44!owCD8*) P14 CD8 T cells were purified and adoptively transferred into wild-type
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mice, which were subsequently infected with LCMV Armstrong. Eight days post-infection,
at the peak of the adaptive immune response (1), antigen-specific P14 effector CD8 T cells
(D8 effector) were isolated based on expression of the congenic marker Thy1.1 (Figure 1A).
Naive and D8 effector CD8 T cells were purified in triplicate and were found to exhibit
surface expression of key phenotypic markers typical of their respective developmental
stage (Supplemental Figure 1)(1, 4, 37).

DNA from naive and D8 effector samples was isolated and the respective samples pooled
and subjected to methyl-DNA immunoprecipitation (MeDIP) using a 5-methylcytosine
specific antibody. The precipitated DNA and input control were analyzed by deep
sequencing. Sequencing was performed to a depth that generated roughly ten-fold coverage
for half the mouse genomic CpGs (29, 30, 38). Analysis of the MeDIP-seq data indicated a
robust linear enrichment at low-density CpG loci that was highly similar between both naive
and D8 effectors and greater than that observed at CpG dense regions or the input control
(Figure 1B). This is consistent with previous observations that areas of low CpG density are
typically methylated compared to those regions of high CpG density, such as CpG islands,
which remain unmethylated (27, 33, 38, 39). Analysis of all mouse CpG islands indicated
that the majority are unmethylated in naive and D8 effectors (Figure 1C). The small
percentage of heavily methylated CpG islands were primarily located outside of promoter
regions, which has been noted previously in humans and mice (40, 41).

Global DNA methylation dynamics during differentiation of naive to effector CD8 T cells

To identify DMRs between naive and D8 effectors, we applied a genome-wide sliding
window approach to identify methyl-enrichment changes greater than 1.5-fold with a false
discovery rate (FDR) less than 0.01 that were enriched above background (33). This
approach identified 296,007 demethylated and 350,666 methylated DMRs in D8 effectors
compared to naive CD8 T cells (Figure 1D). The changes in promoter methylation for all
25,387 murine RefSeq promoters were analyzed as promoter-proximal sequences represent
focal control points for transcriptional regulation. RefSeq promoters were annotated for the
presence of a DMR, and their change in methylation was plotted with respect to the average
methylation enrichment in naive and D8 effectors (Figure 1E). This revealed that 54% of
RefSeq promoters contained at least one DMR (29% methylated, 14% demethylated, and
11% both). The overlap of both methylated and demethylated DMRs with promoters was
greater than that expected by chance (P < 0.001). Promoters that contained a DMR displayed
varying levels of methylation change but overall trended in the same direction as the DMR
they overlapped. The 11% of promoters that included both methylated and demethylated
DMRs displayed the largest variation in methylation changes. The presence of both DMRs
suggested that these promoters might contain both negative and positive regulatory elements
that become activated or repressed epigenetically.

DMRs occurred at biologically relevant gene promoters that are necessary for effector CD8
T cell function. For example, genes with demethylated promoter DMRs included Gzmb and
Zbtb32 (Figure 1F). The Gzmb gene encodes the serine protease Granzyme B, which is
important for effector CD8 T cell cytotoxic function (42) and in D8 effectors compared to
naive cells was strongly demethylated in the gene body and almost completely lacked a
methyl-DNA signal at its promoter region. Zbtb32, a transcription factor induced in
activated lymphocytes (43, 44), demonstrated significant demethylation at the transcription
start site (TSS), gene body, and upstream elements. Cxcr2and 7c¢f7 significantly gained
methylation in D8 effectors compared to naive cells (Figure 1G). Cxcr2encodes a
chemokine receptor implicated in cellular senescence (45) and contained several methylated
DMRs that were concentrated at the promoter region. The transcription factor 7¢f7, which is
essential for lymphocyte development and differentiation (46), was heavily methylated in
the gene body, but did not contain a DMR in the promoter due to the presence of a CpG
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island, which is likely constitutively unmethylated (Figure 1E). In hematopoietic
development, sequences immediately proximal to CpG islands, termed CpG island shores,
were shown to exhibit highly dynamic DNA methylation levels compared to CpG islands
(19). Similarly, we identified DMRs at CpG island shores at both Zbtb32and Tcf7. Overall,
the MeDIP-seq data suggested that DNA methylation was globally reprogrammed and
possibly targeted to specific regulatory regions that may be important for controlling the
expression of genes central to the adaptive immune response and CD8 T cell function.

Bisulfite sequencing validates MeDIP-seq DMRs

To verify the MeDIP-seq data and provide a single-CpG resolution map of select regions,
we validated a number of DMRs by clonal bisulfite sequencing (cBS) from two to three
independent isolations of naive and D8 effector CD8 T cells. DMRs in biologically relevant
and statistically representative TSSs were chosen for validation. As indicated by the MeDIP-
seq and cBS, genes encoding the serine proteases important for CD8 T cell cytotoxic
activity, Gzmband Gzmk contained promoter DMRs that became almost completely
demethylated in D8 effectors (Figure 2A). cBS of the integrin /fgae gene demonstrated
increased methylation directly at the TSS while the chemokine receptor Ccr7 showed
significant gains in methylation upstream of the TSS (Figure 2B). Together, these data
validated the methylation differences identified by MeDIP-seq and provide a single-CpG
resolution of the dynamics at promoter regions for genes important in the immune response.

DNA methylation inversely correlates with gene expression

DNA methylation is a repressive epigenetic modification and has previously been shown to
negatively influence transcription (12, 14). The CD8 T cell response to LCMV results in
global transcriptional remodeling during differentiation with hundreds of genes differentially
expressed in D8 effectors compared to the naive state (4). To investigate the relationship
between DNA methylation and gene expression in CD8 T cells, we correlated the change in
promoter methylation in D8 effectors with known transcriptional changes in this system.
DNA methylation demonstrated a significant negative correlation with gene expression
(Spearman’s rank correlation p = -0.41, £< 0.001)(Figure 3A). Genes that increased in
expression largely were demethylated at their promoters (top left quadrant) while genes that
became transcriptionally silenced gained methylation in D8 effectors (bottom right
quadrant). For example, the chemokine receptor Ccr7was significantly methylated and
repressed following CD8 T cell differentiation, a change we validated by cBS (Figure 2B).
The /fng promoter was one of the strongest demethylated and induced genes, a result that
supported previous observations in CD8 and CD4 T cells (24, 26). Interestingly, the
chemokine receptor Ccr5and its ligand Cc/5 were both robustly upregulated and
demethylated.

The above results suggest that functional families of genes may be coordinately regulated by
DNA methylation. To determine if this was the case, all differentially expressed genes
between naive and D8 effectors were grouped according to functional classes as previously
described (4), and the association of promoter methylation change with gene expression was
plotted. DNA methylation at promoters inversely correlated with gene expression within
functional groups, suggesting that these genes may be regulated by coordinated epigenetic
mechanisms (Figure 3B). For example, three inhibitory receptor genes K/rg1, Kirc1, and
Ctla4 were upregulated and demethylated in D8 effectors. Genes important for homing and
migration displayed the most significant trend as the majority of induced genes were
demethylated. Ccr7and Ccr9, two cytokine receptor genes important for naive T cell
development and homeostasis were both down regulated and methylated. Additionally,
genes involved in apoptosis, such as CaspZ, and the calcium-signaling proteins Anxal and
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AnxaZwere upregulated and demethylated and may play a role in promoting cell death of
effector CD8 T cells at later stages of the process.

Transcription factors represent essential components of T cell effector function that
dynamically integrate TCR signals and external stimuli to drive cellular differentiation. The
Whnt pathway is necessary for T cell development and homeostasis and is repressed at the
effector stage (46—48). Three members of the Wnt signaling pathway 7¢f7, Lefl, and Cxxc5
were down regulated and methylated. Interestingly, Batf, which modulates energy
metabolism and mediates T cell differentiation and exhaustion (49, 50) was upregulated and
demethylated along with BAh/he40, a factor involved in cellular differentiation and circadian
rhythm (51-53). DNA methylation did not completely correlate with gene expression in all
instances. For example, the inhibitory receptor Gp49a was upregulated but gained DNA
methylation in its promoter (Figure 3B, top left). These changes could be due to the
methylation of inhibitory sequences or a temporal delay in the acquisition of repressive
epigenetic marks and effects on mRNA levels. Nevertheless, the majority of genes
demonstrated a significant inverse correlation between changes in promoter DNA
methylation and gene expression levels. The relationship of DNA methylation and gene
expression implicates a key role for epigenetics in establishing the D8 effector
transcriptional program.

Thymic enhancers gain DNA methylation in effector CD8 T cells

The Encyclopedia of DNA elements (ENCODE) project previously mapped histone
modifications in whole thymus, an organ that harbors the developing T cell lineage
(Supplemental Table 1)(35, 54). We hypothesized that histone patterns in the thymus would
provide insight into loci important for T cell development and/or maintenance of a naive T
cell. The histone H3 lysine 4 trimethylation modification (H3K4™Me3) marks the TSS of
genes and is positively associated with transcription (55) and negatively associated with
DNA methylation (56, 57). Conversely, H3K27Me3 is a repressive epigenetic modification
and has been mechanistically linked to DNA methylation at a number of loci (58). We
characterized the average MeDIP-seq signal at regions of H3K4™Me3 or H3K27Me3 in the
thymus. DNA methylation was significantly enriched at loci containing repressive histone
marks in both naive and D8 effectors as compared to regions that contain H3K4™Me3 (Figure
4A). Additionally, D8 effectors contained significantly more DNA methylation at regions of
H3K4Me3 than naiive, consistent with observations that more TSS gained DNA methylation
in D8 effectors (Figure 1E). DNA methylation at regions enriched for H3K27™Me3 in the
thymus were globally unchanged, suggesting these regions are permanently repressed once
they acquire H3K27Me3,

Transcriptional enhancers provide critical control points for cell type-specific gene
expression and have been shown to undergo epigenetic changes, including DNA
methylation, during cellular differentiation (27, 57, 59). For example, during embryonic
stem (ES) cell differentiation, DNA methylation was found to be more dynamic at distal
regulatory regions outside of core promoters (57), suggesting that similar events may also
occur in differentiating T cells. The presence of both H3K4™el and H3K27 acetylated
(H3K27%) histone modifications in the absence of H3K4™Me3 separates active distal
enhancers from promoter-proximal TSS elements (60). Putative distal enhancers in thymic
cells were identified by mapping regions enriched for both H3K4™Mel and H3K272¢
modifications. The regions were then stratified by the presence or absence of H3K4Me3, This
approach established 5,670 putative distal enhancers (PDEs), 99% of which were at least 2
kb away from the nearest TSS (Figure 4B). To investigate the role for DNA methylation at
thymic enhancers, we analyzed the average change in DNA methylation from naive to D8
effectors. Although PDEs became both methylated and demethylated, there was a trend
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towards more enhancers gaining DNA methylation in D8 effectors (Figure 4C). PDEs
methylated in D8 effectors were identified around genes that became repressed, such as 7¢f7
and Ccr7. In addition, genes that became activated in D8 effectors were associated with
PDEs that became demethylated such as Gzmb. We annotated the PDEs for overlap with
DMRs and found that 36.3% of the PDEs active in the thymus overlapped with a methylated
DMR while only 8% overlapped with a demethylated DMR (Figure 4D). The overlap of
methylated DMRs was more than expected by random chance (P < 0.001), whereas there
was not a significant enrichment of demethylated DMRs in thymic enhancers. Additionally,
the change in MeDIP-seq signal was significantly greater at PDEs that overlapped a
methylated DMR than a demethylated DMR (Figure 4E). These data indicate that enhancers
active in the thymus robustly gain DNA methylation in D8 effectors compared to naive
cells.

To assess the relationship between the DNA methylation status of the PDEs and the
expression of the genes that were activated or repressed in this system, PDE’s were mapped
to gene bodies and to the sequences 10 kb upstream of the TSS or downstream of the
transcription termination sequence (TTS). 164 PDEs were identified within the 10 kb limit
for 76 differentially expressed genes. PDEs were enriched inside the gene body and were
depleted around transcription start and termination sites (Figure 4F). Upstream and
downstream PDEs demonstrated a biphasic distribution, suggesting that both short (<5kb)
and long (>5kb) range enhancers exist for these genes. Changes in PDE DNA methylation
were next correlated with changes in gene expression (Figure 4G). Inverse correlations
between PDE DNA methylation and gene expression were observed for many of the genes
with several genes having multiple PDEs that changed in a similar manner (Lef1, RGs10,
CCRY7, and Sell). The annotation of these genes with PDEs has potentially identified an
additional layer of epigenetic regulation outside of promoter regions, and suggest that DNA
methylation may play an important role in regulating enhancer activity during effector CD8
T cell differentiation.

DMRs are enriched for functional transcription factor motifs

We demonstrated that DNA methylation dynamically changed at both distal enhancers and
promoters for genes differentially expressed in CD8 T cells in response to LCMV infection.
These data predicted that DMRs contain c/s-elements and could be bound by transcription
factors important in CD8 T cell function and that demethylated and methylated DMRs may
have unique functions. Using consensus DNA-binding sequences termed “logos”, which
were generated from published ChlP-seq experiments, we searched for transcription factor
motifs that were significantly enriched in the methylated DMRs versus the demethylated
DMRs, and vice versa. DMRs methylated in D8 effectors contained motifs for
developmental transcription factors such as the ETS (GABPA), High Mobility Group
(SOX3 and TCF4), Forkhead (FOXAL), and Zinc Finger (ZFX and BCL6) families (Figure
5A and Supplemental Table 2). Methylation of these sites may be a repressive epigenetic
mechanism to silence these transcriptional networks that are active in the developing or
naive T cell. In contrast, DMRs demethylated in D8 effectors were highly enriched for
transcription factor families known to play roles in the effector response, such as the bZIP
(c-JUN and CEBPB), Rel Homology Domain (NFATc1 and NFKB), and IRF (IRF4)
families (Figure 5B and Supplemental Table 2). Loss of methylation at these DMRs may
lead to an accessible and open chromatin environment that facilitates binding of these
factors and promote effector differentiation and function in response to external stimuli.
DNA methylation has previously been reported to prevent DNA binding for a number of
proteins (61-65). Separate from correlating with a repressive local chromatin environment,
DNA methylation may physically restrict DNA binding for those factors that contain a CpG
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in their recognition motif, providing multiple epigenetic mechanisms to regulate
transcription factor activity.

Transcription Factor Modules in D8 effector function

Transcription factors cooperatively bind cis-elements to regulate transcription in multifactor
modules thereby integrating multiple signaling pathways to regulate a biological process
(32, 66, 67). To identify transcription factor modules that cooperate to control effector CD8
T cell function, we identified motifs that co-occurred within the same DMRs, by correlating
the number of motifs that occur in each DMR between any two transcription factors.
Transcription factor motif co-occurrence, measured by Spearman’s rank correlation p, was
used to hierarchically cluster transcription factors, revealing modules commonly bound at
the same DMRs (Figure 6A). This analysis identified eight modules enriched in the
demethylated DMRs (Figure 6A and Table I). Six of the eight modules correlated along the
axis and contained motifs for the calcineurin pathway factor NFAT, AP-1 transcription
factors c-JUN and JUND, nuclear receptors, homeobox factors, and helix-loop-helix DNA
binding proteins. Additionally, GATAZ3 interacted with the AP-1 factors in Module 3, and
HIF1A and NRF1 were predicted to interact with the helix-loop-helix factors in Module 8.
Transcription factor motifs enriched in methylated DMRs also cluster into five modules
designated as A-E (Supplemental Figure 2A). These modules included factors belonging to
the ETS and STAT family of transcription factors (Supplemental Figure 2B).

To determine the biological function of each module, the significantly enriched Gene
Ontology (GO) terms present in the genes regulated by each module were identified. GO
terms were clustered to identify shared processes between transcription factors modules
(Figure 6B). For the modules identified in the methylated DMRs, no significant GO terms
could be found to assign specific functions to those modules. In contrast, with the exception
of module 7, all of the modules in demethylated DMRs shared broad overlapping functions
with roles in processes, such as cellular differentiation, metabolism, and cell motility, and
were analyzed further. Six modules were enriched for the regulation of gene expression
ontology, suggesting that they play a role integrating signals that fine-tune downstream
transcriptional networks. Module 6, comprised of nuclear receptors, was enriched for known
functions in apoptosis (68), but interestingly a putative novel role in chemotaxis was
uncovered. Module 1 was involved in diverse cellular processes such as differentiation,
leukocyte activation, programmed cell death, and leukocyte proliferation. Module 1
integrated signals from the cyclic-AMP pathway through ATF3 and E-box binding factors
MYC, MAX, USF1, and BHLHE40. While roles in the immune response have been
described for the other factors in module 1 (69-72), no functional role has previously been
described for BHLHE40 in CD8 T cells. Interestingly, Modules 2 and 3 included the AP-1
factors, but uniquely Module 2 contained CREB and Module 3 NFE2. Distinct functions for
Module 2 consisted of leukocyte and cell activation while unique processes for Module 3
included cell growth, leukocyte proliferation, and signal transduction. These results suggest
separate roles for the CREB-AP1 module in promoting T cell activation while the MAP
kinase-AP1 pathways are predicted to regulate T cell expansion and proliferation.

Discussion

The differentiation from naive to effector CD8 T cells following acute infection is a critical
step in the adaptive immune response. The gene expression changes that occur following
differentiation cues have been studied (2, 4), however little is known about how the
epigenome is reprogrammed to permit the acquisition of new cellular functions. Here, we
report the genome-wide DNA methylation profile of naive and D8 effector CD8 T cells
using MeDIP-seq. Consistent with the scale of epigenetic changes previously reported
during ES cell differentiation (57), we find extensive global reprogramming of DNA

J Immunol. Author manuscript; available in PMC 2014 September 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Scharer et al.

Page 10

methylation during effector CD8 T cell differentiation. Gene expression and promoter DNA
methylation were negatively correlated, demonstrating that previous findings at the /fng (24)
and Pdcdl (23) loci defined a broad epigenetic mechanism for gene regulation in CD8 T
cells. Methylated and demethylated DMRs were enriched in 54% of murine RefSeq
promoters, which greatly exceeds the known transcriptional reprogramming events during
CD8 T cell differentiation. Changes in DNA methylation may result in the fine-tuning of
gene expression that is not detectable by microarray technology, a shift to a new set of cis-
elements that drive/inhibit gene expression in D8 effectors and not naive cells, and/or define
chromatin structural changes that serve to maintain the D8 effector cell fate program. In this
vein, we identified 76 genes with expression changes that could be annotated to one or more
PDEs whose DNA methylation status changed between naive and D8 effector CD8 T cells.
Thus, the correlation of gene expression, promoter DNA methylation, and PDE DNA
methylation, implies that the epigenome is actively reprogrammed as CD8 T cells
differentiate to facilitate the emergence of new gene expression patterns and effector CD8 T
cell function.

The finding that some DMRs were enriched for functional transcription factor motifs
provided an additional layer of epigenetic regulation for DNA methylation in CD8 T cell
differentiation. Overall, consensus motifs that were found to be in demethylated DMRs in
D8 effectors were correlated with transcription factors that contribute to the effector
function, such as NFATc1 and c-JUN. Conversely, motifs in DMRs that were in methylated
in D8 effectors were mostly associated with transcription factors that function in
developmental/differentiation pathways. Thus, the changes in DNA methylation appear to
coincide with a cell fate program that has shifted from the ability to differentiate cells to one
that is focused on effector outcome and function.

The unique transcription factor motifs enriched in demethylated and methylated DMRs
indicated that changes in DNA methylation might restrict the accessibility to DNA for
transcription factors. In fact, the physical binding of c-JUN, JUND (65), c-MYC (64),
CREB/ATF (62), CTCF (61), and ETS1 (63) to DNA has previously been demonstrated to
be methylation sensitive. Interestingly, these factors are ubiquitously expressed during CD8
T cell differentiation (2, 4). Therefore, as CD8 T cells differentiate into effector cells and the
DNA methylation landscape is remodeled, so too are the accessible binding sites for these
factors. This would predict that a precise order of events occurs for inactive (methylated)
elements in naive CD8 T cells as they transition into an active state (demethylated) in D8
effectors. For example, in CD8 T cells, the Pdcd (PD-1) locus undergoes such a process. In
naive CD8 T cells, Pdcdl is extensively methylated and silent (23, 25). Pdcdl is induced
following the binding of NFATCcL1 to its c/s-element (25), suggesting that NFATc1, which
contains no CpG in its DNA-binding site, can access the PdcdZ DNA and initiate expression
of Pdcdl. Upon NFATc1 binding, the chromatin structure of the region adopts an active
conformation (i.e., histone H3 and H4 acetylation) and during the initial stages of the
effector response, the region loses its DNA methylation (23, 25). Likewise, many of the
enriched transcription factor motifs do not contain a CpG in their binding motif. Therefore,
there may be a temporal sequence of transcription factor binding events that first initiates an
open chromatin conformation and demethylation of the DNA. This would be followed by
the binding of DNA methylation-sensitive transcription factors, and new gene expression
patterns.

Transcription factor networks integrate external signaling pathways to modulate gene
expression and initiate cellular differentiation. Originally termed enhanceosomes (66), cis-
acting regulatory elements frequently contain multiple transcription factor binding sites that
form a module to integrate signaling pathways, a process that has been best studied in ES
cells (67) and between macrophages and B cells (32). Our DNA sequence centric approach
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differs from previous transcription-focused module analyses in CD8 T cells that analyzed
gene expression correlations (2). Although our prediction of DNA-binding motifs relied on
high quality ChlP-seq data that is not available for every transcription factor, we identified
transcription factor modules of both known and novel function in effector CD8 T cells. For
example, module 5 consisted of the known NFAT-AP-1 interaction (73). In addition, this
approach allowed us to dissect out two roles for the AP-1 family factors in modulating
calcium and MAP kinase signaling pathways. Many modules participated in overlapping
functions, suggesting a complex integration of signaling networks may be required to
maintain effector function during clonal expansion. Moreover, our results predict broader
roles in CD8 T cell function for a nuclear receptor module consisting of NR4A1 and RXR.
The nuclear receptors may regulate integral CD8 T cell processes, such as activation,
proliferation, metabolism, and chemotaxis. These findings highlight the complex interaction
of signaling pathways that is required to maintain a highly dynamic and metabolically active
cell population.

Our experiments revealed that both gain and loss of DNA methylation occurred during CD8
T cell differentiation. The acquisition of new DNA methylation implies that the de novo
DNA methyltransferases, DNMT3A and 3B, were active during this process. Indeed, gene
expression analyses for the DNMTs showed that during effector differentiation all
components of the methylation machinery were expressed during this process (2, 4, 23).
DNMT3A and 3B can be recruited to DNA by interactions with the histone
methyltransferase G9a (74) or via interaction with DNMT3L (56). DNMT3A-DNMT3L
complex binds chromatin containing unmethylated histone H3K4 (H3K4Me0)(56). Active
TSSs and PDEs are surrounded by nucleosomes that are H3K4™e3 and H3K4Me1 modified
respectively, which implies that there is a stepwise process that must first remove the H3K4
methylation before the region can become a strong substrate for de novo methylation. The
H3K4™Mel2 histone demethylase LSD1 inactivates enhancers during ES cell differentiation
(75) and may be active in this system to prepare these sites for de novo methylation.
Additionally, the transcriptional repressor E2F6 can recruit DNMT3B directly to DNA (76),
suggesting alternative chromatin-independent mechanisms exist for the acquisition of novel
DNA methylation patterns.

The loss of DNA methylation in D8 effectors could have occurred by two general processes:
passive and active. Following activation, CD8 T cells expand exponentially, allowing simple
failure of DNMT1 to remethylate CpGs as a possible mechanism. Passive demethylation can
also occur by the recruitment of factors that block DNMT1 binding, such as GATA3 (77).
Evidence for active demethylation also exists as demethylation of the //-2 promoter in CD4
T cells and the /fng promoter in memory CD8 T cells was observed during experimental
conditions of cell cycle arrest, suggesting an active process at these sites (24, 78). The TET
family of enzymes can hydroxylate 5-methylcytosine to begin the process of demethylation
that utilizes the base-excision repair pathway and culminates in an unmodified cytosine (79—
81). The recent discovery and characterization of these enzymes provide credence to the
notion that active DNA demethylation can occur. While NANOG can recruit TET1 and
TET2 to promoters during induced pluripotent stem cell (iPS) reprogramming (82), no
targeting mechanism has been identified for locus-specific active demethylation in CD8 T
cells. A cellular demand for rapid gene expression Kinetics may require one method over
another, but both active and passive mechanisms are likely occurring at the demethylated
DMRs in CD8 T cells.

The data presented here revealed the global acquisition of novel DNA methylation patterns
in effector CD8 T cells that facilitated the expression of the effector phenotype while
repressing the naive transcriptional program. Importantly, the sites of DNA methylation
remodeling identified both trans- and cis-factors important for naive and effector CD8 T cell
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identity and function. These data have therefore drawn a blueprint for the foundation of one

of
of

the epigenetic programs associated with CD8 T cell differentiation. Further understanding
the mechanisms that write, erase, and interpret this blueprint will ultimately be important

for manipulating the epigenome of these cells for the creation of novel vaccines and
therapeutic treatments involving CD8 T cells.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. DNA methylation is globally dynamic during effector CD8 T cell differentiation in
response to LCMV Armstrong infection

(A) Representative plots of naive CD8 T cells (CD8*CD44!°W) isolated by FACS from P14
transgenic mice and adoptively transferred into wt hosts and infected with LCMV
Armstrong. Eight days post-infection, antigen-specific effector CD8 T cells (D8 effectors)
(CD8*Thy1.1*) were purified by FACS. (B) The density of CpGs in 300bp windows across
the genome was calculated and MeDIP-seq data in each window was plotted as reads per
million (rpm). MeDIP-seq signal was consistently enriched at low-density CpG regions in
both naive and D8 effectors. No enrichment was observed for Input control. (C) Heatmap
showing MeDIP-seq read density surrounding all 16,206 murine CpG islands. Each row
represents 5 kb surrounding one CpG island with read density normalized to reads per
million (rpm). Rows are hierarchically clustered and the right annotation bar denotes CpG
islands that overlap a promoter. (D) Heatmap of MeDIP-seq read density at 646,673
differentially methylated regions (DMRs) identified between naive and D8 effector CD8 T
cells is shown. 296,007 DMRs became demethylated and 350,666 became methylated
greater than 1.5-fold during D8 effector differentiation. Each row represents 5 kb
surrounding one DMR with read density normalized to rpm. Rows are sorted by decreasing
change in methyl-DNA enrichment. (E) Scatter plot of methylation difference (D8 effector —
naive) versus average MeDIP-seq tag densities at all 25,387 murine RefSeq promoters is
shown. Promoter regions were defined as the upstream 2000 bp and downstream 500 bp
from the transcription start site of each gene. RefSeq promoters that overlapped a DMR are
color-coded and the percentage of total DMRs that overlap promoters is portrayed in a pie
chart. (F) The genes for the CD8 T cell effector protease Gzmb and the transcription factor
Zbtb32 demonstrating significant demethylation changes are plotted depicting the location
of the DMRs (blue), CpGs (grey), CpG islands (CpGi — yellow), gene structure, and read
density for naive (Orange) and D8 effectors (Green). (G) The chemokine receptor Cxcr2and
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T cell developmental transcription factor 7cf7are significantly methylated in D8 effectors.
Each gene is plotted as above showing methylated DMRs (red).
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Figure 2. Bisulfite sequencing validated MeDIP-seq methylation changes

A representative set of methylated and demethylated DMRs were validated by bisulfite
sequencing. Two loci that contained demethylated DMRs (A) Gzmkand Gzmb, and two loci
(B) /tgaeand Ccr7that exhibited methylated DMRs were chosen. For each gene the location
of bisulfite primers, DMRs, and CpGs are indicated in relation to the transcription start site.
Each line of bisulfite sequencing data represents an individual clone with black circles
denoting methylated CpGs and open circles representing unmethylated CpGs. The location
of the DMR analyzed is diagramed above each bisulfite data set. All loci were validated
from two to three independent samples of naive and D8 effector time points and
demonstrated statistically significant changes according to a one-sided Fisher’s exact test.
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Figure 3. Promoter DNA methylation inversely correlates with gene expression

(A) Scatter plot showing the mean change in promoter methyl-DNA enrichment (rpm)
relative to gene expression fold-change for all genes differentially expressed between naive
and D8 effector CD8 T cells is presented. Promoter regions were defined as the upstream
2000 bp and downstream 500 bp from the transcription start site (TSS) of each gene. Gene
expression was negatively correlated with promoter methylation (Spearman’s rank
correlation p = -0.41, < 0.001). (B) Scatter plots of methyl-DNA enrichment difference
and gene expression fold change for four functional groups of genes important to effector
CD8 T cell function.
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Figure 4. Enhancers active in the thymus become methylated in D8 effector CD8 T cells

(A) Histone maps generated from the thymus were downloaded from the ENCODE project
(35). Regions containing the repressive histone modification H3K27Me3 were significantly
enriched for DNA methylation compared to regions with the active histone mark H3K4me3
(n.s. = not significant, * = < 10717 ** = p< 10732 Student’s test). (B) Heatmaps of
H3K4Me3 H3K4Mel and H3K272° read density (rpm) at 19,365 regions in the adult mouse
thymus. Each region is annotated for proximity (within 1 kb) to a TSS with a black bar.
Proximal promoter elements (top) contain H3K4™e3 whereas putative distal enhancers
(PDEs) (bottom) lack H3K4Me3 and are marked by high levels of H3K4™Mel and H3K27%C,
Rows for both proximal promoter elements and PDEs were hierarchically clustered
separately across all three histone modifications. (C) Methylation changes at all 5,471 active
thymic PDEs showed a trend towards becoming methylated in D8 effectors. Methylation
change is calculated as average MeDIP rpm in D8 effectors minus naive for each PDE. Gene
annotations were predicted based on mapping each element to the closest TSS. (D) PDEs
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primarily overlap methylated DMRs. The overlap of DMRs and PDEs was computed and
percentages indicated in a pie chart. Asterisk indicates significant overlap of methylated
DMRs with PDE regions greater than random chance (P < 0.001). (E) Box plot of absolute
methylation difference in PDEs that overlap methylated and demethylated DMRs. PDEs that
overlapped methylated DMRs had significantly greater changes in methylation than those
that overlapped demethylated DMRs. Significance was calculated by Student’s #test. (F)
Density plot summarizing the distribution of PDEs located within the gene body or
surrounding 10kb of genes differentially expressed between naive and D8 effector CD8 T
cells. Location of PDEs within gene bodies was calculated as the distance from the TSS and
position normalized to a percentage of the gene body length. TSS, transcription start site;
TTS, transcription termination sequence. (G) Scatter plot displaying the mean change in
PDE DNA methylation relative to gene expression fold-change for all genes differentially
expressed and annotated with a PDE. Select PDEs that map to CD8 relevant genes are
highlighted in the figure key.
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A
Methylated in D8 effectors

Motif TF Family P-value
AGGCCTEE| zrx ZF  |1e283
SOSCACTSE 2 NKX2.5/Homeobox | 1e-118
ASITTCCAGGAAL BCLe | ZF | 1e-114
OACCHGAAGT GaBPA| ETS | 1e-83
SARCTAAACA FOXA1| Forkhead | 1e-70
ASATCAAAGSSE| TCF4 | HMG | 1e-60
LICAAGGECAINR5SA2| NR | 1e-54
L XTI CT %= SMAD3| MH1 1e-46
SEFTTCCECOAART | STAT3|  STAT | 1e-26
CCITTOTE sox3| HMG | 1e-19

B
Demethylated in D8 effectors
Motif TF  Family P-value
FATGASTCALEZS cJuN bZIP  1e-251
SCCACGTG| eMYC | HLH - [1e-68
<xSPCACGTGSBHLHE40) HLH | 1e-23
ATTTTCCAZEI NFATC1| RHD | 1e-10
ICATSAATCA PDX1 Homeobox 1e-8
SAAATTCCC NFkB RHD | 1e-7
LSTGAAACSSL| IRF4 IRF | 1e-6
TACGTGSS] HF1A | HLH | 1e4
TCACCTTTESEL NR4A1 NR | 1e-3
ATTGCSESCAAS| ceBPB | bzIP | 1e-2

Figure 5. DMRs are enriched for TF binding sites important for naive and effector function
Transcription factor motifs significantly enriched in either (A) methylated DMRs or (B)
demethylated DMRs were identified. The binding motif, transcription factor, and DNA
binding domain family are indicated for the most significant site for each motif. Enriched
motifs in methylated DMRs are mainly developmental transcription factors that may be
important for naive T cell maturation or homeostasis. Demethylated DMRs were enriched
for motifs of transcription factors that signal from the TCR and respond to external stimuli.
(ZF, Zinc Finger; ETS, E-Twenty Six; HMG, High-Mobility Group; NR, Nuclear Receptor;
MH1, MAD Homology 1; STAT, Signal Transducer and Activator of Transcription; bZIP,
basic leucine Zipper; HLH, Helix-Loop-Helix; RHD, Rel Homology Domain; IRF,
Interferon Response Factor).
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Figure 6. Transcription factor modules cooperate to promote effector CD8 T cell function

(A) Transcription factor co-occurrence at demethylated DMRs was hierarchically clustered
to identify factors that potentially cooperate in modules at the same DMR. Co-occurrence is
calculated by Spearman’s rank correlation of the number of transcription factor binding sites
in each DMR between any two of the 35 significant transcription factor motifs. Eight
modules used in subsequent analyses are indicated in red outlines. (B) DMRs containing
each module were mapped to the nearest gene and gene ontology analysis was performed to
identify biological processes each module affected. Significant GO terms enriched in any of
the eight modules were clustered and shared and unique processes depicted in a heatmap.
Each row represents the presence or absence of the indicated GO term and each column is a
transcription factor module.
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Table |

Transcription factor modules present in demethylated DMRs

Module

Transcription Factor Motifs

0o N o g B~ W N P

ATF3, USF1, BHLHE40, c-MYC, MAX
CRE (CAMP responsive element), JUND, c-JUN
NFE2, c-JUN, AP-1
NANOG, HOXB4, PDX1
NFAT-AP-1, NFATC1
NR4A1, RXR
GATAS, JUND, c-JUN
HIF1A, NRF1, ATF3, USF1, BHLHE40, c-MYC, MAX
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