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Rapid Recall Ability of Memory
T cells is Encoded in their Epigenome
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Received: 19 September 2016 . Even thoughT-cell receptor (TCR) stimulation together with co-stimulation is sufficient for the
Accepted: 28 November 2016 - activation of both naive and memory T cells, the memory cells are capable of producing lineage specific
Published: 05 January 2017 : cytokines much more rapidly than the naive cells. The mechanisms behind this rapid recall response of
: the memory cells are still not completely understood. Here, we performed epigenetic profiling of human
resting naive, central and effector memory T cells using ChiP-Seq and found that unlike the naive cells,
the regulatory elements of the cytokine genes in the memory T cells are marked by activating histone
modifications even in the resting state. Therefore, the ability to induce expression of rapid recall genes
upon activation is associated with the deposition of positive histone modifications during memory T cell
differentiation. We propose a model of T cell memory, in which immunological memory state is encoded
epigenetically, through poising and transcriptional memory.

Long-lived memory T cells form the basis of adaptive immunity by orchestrating memory immune response.
During secondary exposure, the response of memory T cells is both quantitatively and qualitatively different from
the response of naive T cells during initial exposure to pathogen’. Firstly, the number of T cells with specificity
for the pathogen is higher due to clonal expansion of naive precursors following primary exposure. In addition,
antigen-exposed memory T cells are qualitatively different from naive cells. Naive T cells predominantly produce
IL-2 as an initial response to activation. Only after several days of activation and polarization they can produce
lineage-characteristic cytokines such as IFN-~, IL-4, IL-5, IL-13 or IL-17. On the other hand, memory T cells are
capable of producing these cytokines immediately?. This rapid recall ability, which allows the organism to fight
pathogens faster and to limit the spread of infection, is the basis for vaccinations against numerous diseases>.
The molecular basis of the rapid recall response is still not well understood. In general, it is believed that
both naive and memory T cells receive the same signals from the antigen-presenting cells. Stimulation of TCR
by MHC-antigen complex and co-stimulation, typically via B7-CD28 interaction, are sufficient for activation of
both cell types. If anything, activation of memory cells may be less dependent on co-stimulation, although this
point is still debated*. However, the same activation signaling leads to the induction of additional cytokine genes
in memory T cells compared to naive cells. Initial studies focused on identifying differences in signal transduction
between the two cell types. In mouse CD4 T cells, initial TCR signaling works similarly in naive and memory
cells, but a key kinase, ZAP-70, is less phosphorylated in memory T cells compared to naive T cells®, suggesting
that memory T cells actually receive a weaker signal from TCR. In CD8 cells though, the initial TCR activation
is similar and no difference in ZAP-70 phosphorylation was found®. Instead, it was reported that increased LAT
concentration and phosphorylation in memory T cells led to increases in ERK and Jun phosphorylation upon
activation®. MicroRNAs also were shown to play a role by regulating the expression of phosphatases that inhibit
TCR signaling’. Another study reported that an important accessory molecule, SLP-76, is less phosphorylated in
memory T cells than in naive cells, again suggesting weaker TCR signaling in memory T cells®. Recent evidence in
CD8 cells shows that the threshold for activation may indeed be higher in memory than in naive cells’. However,
despite these slight alterations in the levels of signaling molecules, the activation signals do reach transcription
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factors such as NF-kB, NFAT and AP1 in both naive and memory T cells. As reported by Lai et al.!® in a murine
model of immunity against influenza, NF-xB is activated and translocates to the nucleus at similar levels in both
naive and memory T cells but is only able to bind DNA and induce expression of Ifng in memory T cells. These
findings suggest that rapid recall ability is mediated by the ability of transcription factors to bind to DNA at the
appropriate genes, which is in turn regulated epigenetically by the local chromatin state.

Recently, we and other groups have profiled the epigenome of several immune cell populations. While the
earlier studies established general relationship between chromatin modifications and gene expression in vari-
ous cell types!!~13, the later studies focused on unravelling the regulatory networks involved in the immune cell
function'. These studies identified key regulatory elements and transcription factors that are involved in lineage
specification during immediate Th1 and Th2 differentiaion'®"" in mice and humans and in human susceptibility
to asthma'®. Additionally, chromatin profiling was used to establish molecular basis for lineage plasticity in T
helper cells' and lineage relationship between several populations of cytotoxic T cells in mice!®. Our previous
studies have demonstrated that many inducible genes do not change their chromatin state during short-term T
cell activation in activated CD4 T cells?. In fact, the majority of the activation-inducible genes already possessed
positive chromatin modifications in the resting cells, in which these genes are silent. Therefore, we categorized
those genes that are marked by activating histone modifications but not expressed as “poised”. It is possible that
gene poising might be a manifestation of transcriptional memory acquired due to previous expression of the gene
in the course of the natural history of the cell and retained in the cellular epigenome. On the basis of our results,
we reasoned that gene poising might allow for rapid induction of the poised genes upon stimulus®. In the resting
CD4 T cells, approximately 20% of all silent genes were poised by chromatin modifications and about 10% of
these poised genes were subsequently induced upon T cell activation?”. Among the genes poised in the resting T
cells, we found a number of genes involved in cell cycle or metabolism. Most notably, cytokine genes including
IFNG and IL4 were poised. However, our studies with naive murine T cells'® showed no poising at Ifng or /4 loci.
These results suggest that cytokine genes are poised only in memory T cells, which may be related to their tran-
scriptional history and persistent active epigenetic marks. This led us to hypothesize that cytokine gene poising
imposed during T cell polarization underlies the rapid recall ability of memory T cells!.

In this study, we tested this hypothesis by profiling chromatin in three subsets of human CD4 T cells: naive,
central memory (TCM) and effector memory (TEM). We found that the ability of these subsets to express
cytokines is associated with gene poising as indicated by the presence of positive chromatin modifications at
promoters and enhancers of these genes. In general, the appearance of positive chromatin marks at the promoters
and/or enhancers of genes upon differentiation of naive T cells to TCM or TEM may lead not only to increased
expression level of the genes in resting cells but also to increased inducibility of these genes upon activation,
whereas loss of positive marks correlated with the loss of inducibility. These results support the hypothesis that
the rapid recall ability of memory T cells is encoded in their epigenome.

Results

Using cell surface markers, we separated total human CD4 T cells into 3 subsets (Fig. S1) that were reported
to have differential ability to produce characteristic cytokines: (1) Naive T cells (CD4"CD45RO " CD27%); (2)
TCM (CD4"CD45RO*CD27%); and (3) TEM (CD4+*CD45RO*CD27"). Naive T cells were previously shown
to be unable to produce IFN-~ or IL-4, whereas a minority of TCM and the majority of TEM cells were able to
produce one of these cytokines upon activation??. TCM and TEM populations included cells of various lineages.
Therefore, only a minority of the cells in a population could produce a particular cytokine (e.g. IFN-~ or IL-4)%.
To examine whether the differential induction of cytokine genes between the CD4 T cell subsets is related to their
epigenetic landscapes, we used ChIP-Seq to analyze genome-wide distribution of four positive chromatin marks
(post-translational histone modifications H3K27ac, H3K4mel and H3K4me3, histone variant H2A.Z) and RNA
Polymerase II (Figs 1 and 2 and S2 and S3). We also measured gene expression in resting and activated cells using
polyA RNA-Seq. Key ChIP-Seq experiments were replicated (see Methods).

RNA-Seq analysis revealed that neither naive nor memory T cells expressed cytokine genes such as IFN-~,
IL-4,IL-13 or IL-17 in the resting state (Figs 1a,b,c and S3). Upon activation with anti-CD3/28 beads for 40 min,
150 min or 15 hrs, both TCM and TEM cells were able to produce much higher amounts of these cytokines than
the naive T cells (Figs 1a,b,c and S3). These rapid changes in mRNA abundance likely reflect changes in gene
transcription, although post-transcriptional regulation cannot be excluded. Gene expression analysis at various
time points post activation further showed that the expression of cytokine genes was more strongly and rapidly
induced in memory T cells than in naive T cells.

The promoter and several enhancers of the IFNg gene are poised by active chromatin marks.
Transcriptional regulation of IFNG locus has been extensively studied by multiple groups (reviewed in ref. 23). It
has been reported that Th1 polarization leads to IFNG production, appearance of novel DNase I hypersensitive
sites and increases in histone acetylation and other positive modifications in the vicinity of IFNG gene in murine
and human T cells'>?*-28, We examined whether the differences in histone modification profiles at IFNG locus
in resting cells could explain the observed differential response to activation between naive and memory T cells.
Indeed, while some sites (e.g. CNS—16, CNS—22, CNS+22; Figs 1d and S2a) are modified similarly in both
naive and memory T cells, we observed appearance of positive histone marks at the IFNG Transcriptional Start
Site (TSS), putative internal enhancer and CNS+-40 (Fig. 1d, outlined) in memory cells. In addition, Pol II was
not present at the IFNG promoter in the resting cells (Fig. 1d). Presence of these marks in memory T cells corre-
lated with IFNG inducibility. With the exception of the internal enhancer/insulator that is bound by CTCF and
is involved in long-distance chromatin interactions within the IFNG locus (Fig. S2a and ref. 29), the functional
significance of the differentially modified sites in human T cells is not fully understood. However, in murine T
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Figure 1. Enhancers and promoters of the cytokine genes are poised by active chromatin marks in TCM
and TEM cells. Human resting naive, TCM and TEM cells were isolated and activated with anti-CD3 and
anti-CD28 beads for 40 min, 150 min or 15 hrs. Expression of the cytokine genes, IFNG (a), IL13 (b) and IL4

(c) was measured by RNA-Seq. Active chromatin marks (H3K4mel, H3K4me3, H3K27ac and H2A.Z) and
RNA Polymerase II were profiled using ChIP-Seq in resting cells (0 hours). The Genome Browser tracks of the
ChIP-Seq signals for the IFNG (d), and IL4/13 (e) loci are shown. Y-axis shows coverage by estimated fragments
normalized to millions of reads mapped (FPM). Putative regulatory elements are denoted on top and those
areas that undergo epigenetic changes were framed. Purple arrows show the locations of combined GATA3/
MYB elements as described previously.
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Figure 2. Inducible genes are poised. Average H3K4me3 tag density profiles were generated for genes that are
expressed in resting cells, those that are silent in resting cells and those that are silent in resting cells but become
induced upon activation. TSS, transcription start site.

cells, many of the homologous sites were shown to bind TBX-21/T-BET, NFxB, STAT-4 and other transcription
factors®, suggesting that they are functional regulatory elements in humans as well.

Interestingly, we observed relatively low ChIP-Seq enrichment peaks at the IFNG promoter (e.g. compared
to housekeeping genes, Fig. S3q-s) even in memory T cells, which suggests that this locus is modified in only a
fraction of the cells. This likely reflects the fact that only a fraction of TEM cells belong to Th1 lineage and are
capable of producing IFNG*.

Presence of positive chromatin marks at some of the enhancers in the naive T cells (Fig. 1d) suggests that locus
opening happens in a stepwise manner and that multiple events, which occur during early development of T cells,
are required to confer full inducibility in differentiated Th1 cells. Taking this into account, we decided to analyze
developmental history of T cells on the basis of our own®' and ENCODE?? data. Indeed, the IFNG locus (Fig. S2a)
has no positive marks in H7 embryonic stem cells (ESC). CD34 hematopoietic stem cells (HSC) have gained low
levels of H2A.Z at the distal elements (+118kb and —64kb). Data for common myeloid and lymphoid progeni-
tors (CMP and CLP, respectively) are not available, but CD36 proerythroblasts and CD14 monocytes do not gain
further modifications at this locus (data not shown). However, fellow lymphocyte CD20 B cells seem to have
acquired positive modifications at CNS-16 and CNS-22 elements (Fig. S2a), suggesting that the IFNG locus may
have begun to open at the CLP stage. The sites that are positively modified early in lymphocyte development (e.g.
CNS-22%) could potentially serve as Locus Control Regions (LCRs). Interestingly, during Th1/2 polarization of
naive T cells, strong deposition of H3K4mel can be already observed at 72 h post activation, whereas H3K4me3
deposition likely requires longer time and/or additional stimuli'®.

Several enhancers of the Th2 cytokine genes are poised by active chromatin marks. The Th2
cytokine locus contains 114, II5 and 113 genes, as well as RAD50 and KIF3A (reviewed in ref. 33 and Figs 1e and S2b).
Unlike RAD50 and KIF3A, which are weakly expressed in all three subsets (not shown), the cytokine genes are
exclusively expressed in activated memory T cells (Fig. 1b,c). The ability of memory T cells to induce IL4 and IL13
expression correlates with the appearance of positive histone marks at the loci known as CNS1 and IE (Fig. le,
boxed). Interestingly, these sites have been shown to be enhancers that bind GATA-3 and MYB transcription
factors®. While GATA-3 is universally expressed in T cells, MYB is expressed at low levels in resting naive T cells,
and its expression is induced late during Th2 polarization. MYB has been shown to interact with MLL proteins
and may be responsible for the deposition of positive marks at the enhancers in the Th2 locus**.

We observed that several peaks of H2A.Z and H3K4mel/3 (in particular, those at the RAD50 and KIF3A
promoters) are already present at this genomic locus in naive T cells (Fig. S2b and data not shown), suggesting
that the Th2 locus is partially primed for expression during T cell development. Stepwise deposition of histone
modifications starts in ESCs with the deposition of low levels of H3K4me3 at CGRE (Fig. S2b) and continues
with the deposition of positive marks at CNS1 and HSV elements in CD34 HSCs. B cells have low levels of H2A.Z
and H3K4me3 at CGRE and CNS1. The modifications at the IE site are observed only in the memory T cells and
correlate with IL4 and IL13 inducibility.

Many other cytokines are also poised. Next, we examined the histone modifications at several other
cytokine genes, including IL17A, IL3, IL9 and IL22 (Fig. S3), which are not expressed in resting cells and are
more inducible in memory T cells than in naive T cells. This analysis revealed new peaks of activating histone
modifications in the memory T cells, consistent with the inducibility of these genes in the memory cells. This
finding is in contrast to another T-cell cytokine CCL5 (RANTES), whose accelerated production by memory T
cells was previously reported to be regulated post transcriptionally®. Our results confirm that CCL5 is expressed
at a higher level in memory than in naive T cells even in the resting state. While the increase in basal expression
does correlate with the appearance of positive peaks at the promoter, transcriptional induction upon activation
was not observed either in memory or in naive cells (data not shown).
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Figure 3. Differential gene inducibility can be explained by chromatin state. Genes that were induced upon
activation in either naive or effector memory T cells were categorized into 3 groups: more inducible in Naive,
more inducible in TEM or inducible in both (as shown by Venn diagram). Bar graphs show the percentage of
genes in each category that have gained or lost H3K4me3 in their vicinity [—20kb from TSS, +1kb from TSS]
during transition from naive to memory state.

Epigenetic environment at master regulator genes. Transcription factors TBX-21 (T-BET), GATA-3
and RORC are considered to be the master regulators of the Th1, Th2 and Th17 lineages, respectively*’-*. TBX21
is not expressed in naive T cells and is induced up to 100-fold upon activation. Memory cells express low levels of
TBX21 mRNA, and it is strongly induced upon activation (Fig. S3g,i). As could be expected, we observed a sub-
stantial increase in the H3K4me3 level at the TBX21 promoter, which correlated with increased and more rapid
TBX21 induction in the memory cells. The TH17 transcription factor RORClocus is silent in resting naive T cells
but is expressed and inducible in memory T cells (Fig. S3b,c,e). This correlates with the appearance of H3K4me3
islands at both of its promoters even though only the shorter transcript was detected by RNA-Seq. Finally, the Th2
transcription factor GATA-3 is expressed in both naive and memory T cells, although at a higher level in memory
T cells (Fig. S3fh). We observed no chromatin changes at the GATA3 locus.

Genome-wide epigenetic changes correlate with inducibility. Our data suggest that many of the
inducible cytokines and other genes are differentially epigenetically modified at promoter and/or enhancer ele-
ments between naive and memory T cells. To examine whether other inducible genes are also poised, we gen-
erated average tag density profiles for three groups of genes: (1) expressed in resting T cells; (2) silent in resting
T cells but induced upon activation; and (3) silent in both resting and activated T cells (Figs 2 and S4). Similar to
our previous results?, we found that the inducible genes have higher levels of positive marks at their promoters
than silent genes and are poised for induction.

In order to determine whether differential modifications at the enhancers and promoters could explain the
differential gene induction between naive and memory T cells, we identified islands of histone modifications in
the vicinity of genes that are differentially induced between the subsets. We found that for ~35% of the genes that
are strongly induced in TEM but not in naive T cells, the gene induction was associated with the appearance of
positive H3K4me3 marks in the vicinity of the gene in the course of differentiation of naive T cells into memory
T cells (Figs 3 and S5).

Deposition of positive marks leads to increased expression or inducibility. In order to evaluate
the transcriptional consequences of gain or loss of activating histone modifications, we systematically analyzed
the expression levels of genes that gain or lose the positive marks near their promoters during their transition
from naive to memory T cells. For this, we identified genes with differentially modified promoters: 112 gene
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Figure 4. Gain of H3K4me3 at promoter may lead to increased expression and/or inducibility, whereas loss
of H3K4me3 may lead to loss of expression and/or inducibility. On the left tag density heatmaps show the
level of H3K4me3 within 5kb around TSS for genes that gained (a) or lost (b) H3K4me3 islands at the promoter
in the transition from naive T cells (Naive) to effector memory T cells (TEM). On the right heatmaps show level
of expression for the corresponding genes in resting cells (R) and cells activated for the period shown.

promoters became H3K4me3 modified upon transition of T cells from naive to TCM and 188 from naive to TEM
(Figs 4 and S6). Interestingly, only about half of the genes that gained positive modifications at their promoters
displayed increased expression or inducibility. The rest of the genes that gained modifications did not change
their expression state and stayed silent and uninducible. It is not clear whether these genes were expressed during
transition from naive to memory cells. It is possible that a stimulus other than activation is needed to induce their
expression in memory T cells. A majority of the genes that lost H3K4me3 in the transition from naive to memory
state, were not expressed even in naive T cells. Those genes that were either expressed or inducible in naive T cells
lost that inducibility. On the basis of gene ontology analysis, the set of genes that gained H3K4me3 in the transi-
tion from naive T cell to TEM was highly enriched in GO terms related to immune response, chemotaxis and cell
adhesion (Table S1), whereas the gene set that lost modifications was much more diverse (as shown by less signif-
icant p values). The gene set that lost modifications upon transition from naive to memory state was enriched for
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Figure 5. Model: Epigenetic poising of cytokine genes. (a) In naive T cells, genes required for effector
function exist in closed chromatin environment (red nucleosomes). Even though transcription factors such as
NE«B are activated, they are unable to bind to their targets due to the closed chromatin state. Upon activation,
naive T cells proliferate and in the course of several days remodel their chromatin. This allows for transcription
factor binding, recruitment of RNA Polymerase II and expression of cytokines (b). After elimination of
infection, surviving effector T cells become memory T cells (c and d). These cells do not express effector genes,
but positive chromatin modifications (green nucleosomes) remain at promoters and/or enhancers and maintain
the genes in a poised state, allowing immediate transcription factor binding and rapid expression of effector
genes upon repeat activation. The exact differentiation pathway of central memory T cells (c) is not known. The
opening of effector gene chromatin in these cells is incomplete compared to TEM cells. Based on ref. 21.

terms related to neuronal, vascular and organ development, as well as cell adhesion and motility. Presence of “cell
adhesion” on both lists likely reflects differential trafficking of these cell types.

Discussion

Although there has been substantial progress in the understanding of the development of populations of memory
T cells, we comprehend relatively little about the mechanisms responsible for their increased functionality. In this
study, we demonstrate that the cytokine genes integral to T cell function and protective immunity are “poised”
and ready for rapid induction in memory T cells. It is likely that poising is a critical aspect of protective immunity
as it allows the host to have a leg up on pathogens previously encountered, which would be evolutionarily advan-
tageous for the host. Thus, although it is clear that memory T cells are increased in number during a secondary
challenge, their increased ability to produce cytokines likely contributes to protection against repeat infections
with the same pathogen.

Several recent studies have profiled epigenomes of human and mouse T cell populations during res or
upon T cell polarization!>-17, These studies have correlated the presence of chromatin modifications with the
level of ongoing gene expression''~'?, described polarization'®'”*! or disease state-related'® regulatory elements.
However, whether and how histone modification marks that exist in the resting naive and memory cells influence
future gene inducibility during T cell activation remains unknown. Our study provides evidence suggesting that
the rapid recall ability of memory T cells is determined by the epigenetic status of rapid recall genes in the resting
state. In particular, in memory T cells, we observed the appearance of islands of positive histone modifications at
promoters and enhancer elements of IFNG, IL4, IL9, IL13, IL17A and other genes that are strongly upregulated
during secondary immune response. Upon differentiation of naive T cells into effectors following primary acti-
vation, these characteristic cytokine genes were expressed. Upon cessation of immune response and transition of
effectors into memory T cells, these cytokine genes were no longer expressed, but their promoter and enhancer
elements remained positively marked, thus maintaining the genes’ chromatin environment and poised state
(Fig. 5). This poised state in turn resulted in faster induction of these genes upon secondary stimulus, likely due
to the chromatin environment being conducive to sequence-specific and general transcription factor binding and
gene expression. Recently, Bevington et al. uncovered the presence of stably maintained DNase-hypersensitive
sites in the murine memory T cells*? which further supports our findings. Here we report that in human memory
T cells positive chromatin modifications are also present in the vicinity of rapid recall genes. Interestingly, not all
genes that gained positive marks during Naive to memory transition become inducible during T cell activation
(Fig. 4). It is possible, that additional chromatin changes (e.g. demethylation) may be required. Alternatively,
these genes may need signals other than short term aCD3/aCD28 stimulation for induction.

Our results also provide insights into relationship between central and effector memory Th cells. Although
central memory cells can produce cytokines more efficiently than naive cells, they produce less cytokines than
the activated effector memory cells. This correlates with a “less poised” state of their chromatin. This suggests that
these cells have branched off T cell differentiation pathway earlier than Tem cells, although the exact relationship
between these populations remains unclear.

In this study, we examined the total TCM and TEM cells. These populations include T cells that belong to
different lineages, including Th1, Th2 and Th17. Therefore, we observed positive modifications at cytokine genes
specific for all three of these lineages. We believe that individual cells will have open chromatin structure only at
some of these loci in accordance with their lineages, but further work is needed to provide experimental evidence

t11—13,19
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for this. Because of this heterogeneity and our focus on rapid recall gene induction, we had to limit our analysis
to “positive” marks: gain of signal is easy to detect even when the signal is present only in a small fraction of pop-
ulation, whereas a much more homogenous population is needed to detect the expected loss of “negative” marks.

Since histone-modifying enzymes can be recruited by transcription factors, RNA Polymerase II itself, other
histone modifications and RNA*, we tried to identify transcription factor binding sites that might be responsible
for the deposition of histone modifications during differentiation from naive T cells to TEM. We used Clover
software*# to compare enrichment of transcription factor binding sites (TFBS) in peaks exclusively present in
TEM compared to that of those peaks that are present in naive cells. We found that 260 TFBS matrices from the
Transfac database showed significant enrichment in this comparison (Table S2), whereas 869 showed significant
depletion. Among the enriched TFBS we found those for transcription factors such as IRFs, RUNXs, ETS family,
MAF and others. Many of these factors, including IRF1, IRF4, IRF8, JUN, JUNB, JUND, FOS, FOSL1, MYC and
TFAP were inducible during activation of naive T cells, whereas others (e.g. some of ETSs and RUNXs) were
expressed constitutively and may be responsible for the maintenance of positive modifications in these areas
after activating signal is gone. RUNX1 and ETS1 were indeed reported to bind areas of open chromatin that
remain accessible in resting memory cells*?. Although TBX21 and RORC were not in the Clover database, the
binding sites for their close homologues TBX5, RORA and RORB***¢ were enriched. A matrix created using the
TBX21 binding sites from Szabo et al.>” was also significantly enriched in the TEM-specific H3K4me3 islands.
Interestingly, the factors such as NFAT, NFxB or EGR were either not enriched or significantly depleted, suggest-
ing that these factors do not serve as pioneer factors that create open chromatin but rather bind the sites of open
chromatin structure.

In summary, we have shown that many of the genes that are differentially inducible between naive and mem-
ory T cells reside in a different chromatin environment in memory compared to naive T cells. Appearance of
open chromatin marks at the promoters and/or enhancer elements correlates with increased expression and/or
inducibility. In particular, this relates to important cytokine genes such as IFNG, IL4, IL9, IL13 and others. These
findings suggest that the rapid recall response of memory T cells is mediated, at least partially, by the poised chro-
matin environment that exists in the memory T cells around these genes.

Methods

Cells. T cells were purified from lymphopaks obtained from NIH Blood Center or blood filters obtained from
University of Cincinnati Hoxworth Blood Center. Cells from 2-4 healthy donors were combined for each exper-
iment. Human CD4 T cells were enriched by negative selection using Invitrogen or Miltenyi Untouched CD4 T
cell Purification Kit. Cells were further sorted into populations, as shown in Fig. S1, using antibodies against CD4
(RPA-T4), CD45RO (UCHLI) and CD27 (L128A) and DAPI.

ChIP-Seq. For ChIP, chromatin was prepared by formaldehyde cross-linking and sonication. ChIP-Seq was
performed as described previously!! (see refs 47 and 48 also for review and protocol, respectively) either man-
ually or using SX-8G robot (Diagenode). Key ChIP-Seq experiments were repeated using a different antibody
(H3K4me3) or an alternative lot of the same polyclonal antibody (H3K4mel and H2A.z) and T cells obtained
from different donors. Replicates yielded similar results (Fig. S7). Antibodies used for ChIP were Abcam ab8895
(H3K4mel), ab8580 or Cell Signaling CS200580 (H3K4me3), ab4174 (H2A.Z), Active Motif 4H8 (Pol II) and
Diagenode pAb-196-060 (H3K27ac). Antibody specificity was assessed by the manufacturers and/or in a pre-
vious study'?. Sequencing for 36-75 bases was performed using Illumina GAII/x/HiSeq2500. Data analysis was
conducted in BioWardrobe*. Briefly, ChIP-Seq data were aligned by Bowtie to the human genome (hg19); only
unique reads with no more than 1 mismatch were kept. Reads were extended to estimated fragment length, nor-
malized to total mapped read number and displayed as coverage on a mirror of the University of California Santa
Cruz (UCSC) genome browser. MACS2° was used to identify islands of enrichment. Data have been deposited
to GEO under GSE89404 accession number.

RNA-Seq. For RNA-Seq, activation was performed by addition of anti-CD3/28 beads (Invitrogen) to cells for
40 min, 150 min or 15 hrs according to the manufacturer’s instructions. mRNA-Seq libraries were constructed
using [llumina TruSeq kit. Data analysis was performed in BioWardrobe®. Briefly, RNA-Seq data were aligned
by STAR®! to the human genome (hg19) with refsec annotation taken from the UCSC Genome Browser and
RPKM values for isoforms were estimated in BioWardrobe. For isoforms with the same TSS, RPKM scores were
combined.

Data Analysis: Figs 2 and S4. Average read density profiles were calculated around transcription start sites for
the three gene sets using BioWardrobe®. “Expressed” genes had FPKM > 5 in resting cells, whereas “Silent” genes
had FPKM <2. “Inducible” genes had FPKM <2 in resting cells and >5 after activation. According to observa-
tions from®? and our own experience with spike-in controls (not shown) one copy per cell corresponds to ~5-8
RPKM. While we cannot entirely exclude the possibility that the genes under 2 RPKM are expressed at a very low
level: e.g. due leaky Pol II pausing, we believe that expression of the genes we consider silent here (<2 RPKM) is
below one copy per cell. To create average density plots, reads within 2000 bases upstream and downstream from
start sites were shifted by % average fragment length in the direction of each read, counted at each position and
normalized by the number of total mapped reads and number of genes in each subset. Reads belonging to the X
and Y chromosomes were counted twice. Resulting graphs were smoothed with the window of 100.

Data Analysis: Figs 3 and S5. Genes that were silent in resting T cells (<2 FPKM) and induced to more than 5
FPKM after 150 min activation in either Naive or TEM cells (Naive or TCM for Fig. S5) were ranked by their rela-
tive induction ((ABS (FPKM gyt 150 — FPKMrgyr ) +0.1)/(ABS (FPKMyaive 150 — FPKMyaier) +0.1) and separated
into three groups: those that are at least 3 fold more inducible in Naive; at least 3 fold more inducible in TEM;
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similarly inducible (As shown on Venn diagram). The percentage of genes that had significantly (MAnorm®
p-value < 0.01, adjusted fold change >2, 15 reads in at least one condition) stronger islands in one cell type but
not another within [TSS—20kb; TSS + 1kb] interval are shown by bar graphs.

Data Analysis: Figs 4 and S6. (Heatmaps) Genes that had significantly different level of H3K4me3 at their pro-

moters (TSS+/—1kb, MAnorm* p-value < 0.01, adjusted fold change >2 in both replicates) in memory vs. naive
cells were selected for analysis. To avoid huge changes in very low expressed genes, RPKM values below 1 were
increased to 1. Clustering of expression values was performed using AltAnalyze** and HOPACH® algorithm; tag
density heatmaps were made in BioWardrobe®.
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