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Abstract

Although regulation of CXCR3 and CCR4 are related to Thl and Th2 differentiation, respectively,
many CXCR3* and CCR4" cells do not express IFN-y and/or IL-4, suggesting that the chemokine
receptor genes might be inducible by mechanisms that are lineage-independent. We investigated
the regulation of CXCR3 versus IFNG, and CCR4 versus L4 in human CD4* T cells by analyzing
modifications of histone H3. In naive cord-blood cells, under non-polarizing conditions not
inducing 1L4, CCR4 was induced to high levels without many of the activation-associated changes
in promoter histone H3 found for both IL4 and CCR4 in Th2 cells. Importantly, CCR4 expression
was stable in Th2 cells, but fell in non-polarized cells after the cells were rested; this decline could
be reversed by increasing histone acetylation using sodium butyrate. Patterns in histone H3
modifications in CXCR3*CCR4~ and CXCR3™CCR4* CD4* T-cell subsets from adult blood
matched those in cells cultured under polarizing conditions in vitro. Our data show that high-level
lineage-independent induction of CCR4 can occur following T-cell activation without
accessibility-associated changes in histone H3, but that without such changes expression is
transient rather than persistent.
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Introduction

Trafficking of CD4* helper T cells in vivo is coordinated in part by differential, subset-
specific expression of chemokine receptors. Naive CD4* T cells have a narrow chemokine
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receptor repertoire limited to CXCR4 and CCR7, whereas effector/memory CD4* T cell
subsets have more complex and expanded receptor repertoires that allow efficient trafficking
to peripheral tissues [1, 2]. The Thl, Th2 and Th17 subsets of effector/memory CD4* T
cells, defined by production of the signature cytokines IFN-y, IL-4 and IL-17, respectively,
are most strongly associated with expression of the receptors CXCR3, CCR4, and CCR6,
respectively [1-5]. However, in each case, the corresponding cytokine-producing cells found
in human blood are subsets of a larger pool of cells expressing these receptors [3-5]. These
patterns suggest that regulation of the chemokine receptors and signature cytokines involves
not only shared but also distinct determinants, and that conditions and mechanisms for
induction of the chemokine receptor genes are less restricted than for the genes encoding the
lineage-specific cytokines.

Among the shared factors, the master regulators of Th1l and Th2 differentiation, T-bet and
GATA-3, respectively, are transcription factors that activate signature cytokine genes [6, 7],
and have also been reported to drive expression of CXCR3 [8, 9] and CCR4 [8],
respectively. For the cytokine genes, in addition to direct activation, T-bet and GATA-3 are
also involved in the remodeling of the cytokines’ genetic loci through epigenetic processes,
which are thought to be important for maintaining features of Th cell lineage commitment
[6, 7].

Epigenetic elements linked to cell type-specific, inherited patterns of gene expression
include DNA methylation and one or more covalent modifications of histones [10, 11].
Histone madifications are increasingly recognized as having broad roles in the control of
transcription [10, 11]. The best-studied epigenetic modifications of histones include
acetylation of lysines, methylation of lysines and arginines, phosphorylation of serines and
threonines, and ubiquitinylation of lysines. In general, hyperacetylation of lysines at the 9t
and 14t positions, and methylation of lysines at the 4t and 79t positions of histone H3
have been associated with “permissive” chromatin at active genes [12-14]. In particular,
both di- and trimethyl histone H3K4, (H3K4me2 and H3K4me3, respectively) are highly
enriched around the transcriptional start sites of active genes [13-15], and a number of
proteins/protein complexes that support transcription bind to H3K4me3 directly [16]. Di-
and/or trimethylated H3K79 (H3K79me2 and H3K79me3, respectively) are increased in a
broad distribution at and downstream of promoters of active genes, associated particularly
with transcriptional elongation [15, 17]. In contrast, methylation of H3K9 has been
associated with “repressive” or “silenced” chromatin, particularly in the promoter regions
through the recruitment of HP1 proteins [11, 13, 18]. Recently, gene-associated histone
modifications have been correlated with transcriptional potentials and states based on
genome-wide analyses of chromatin immunoprecipitations (ChlP) of various cell types,
including mouse [19] and human [14, 18, 20] T cells. Mouse T cells were studied after
activation and differentiation in vitro, with analysis of single permissive and repressive
marks (see Discussion) [19]. Studies of human CD4* T cells analyzed total cells, without
separation into additional subsets [14, 20].

For cytokine genes, epigenetic regulation has been studied in detail principally in polarized
mouse cells by analyzing DNAse | hypersensitive sites for CpG methylation and more
recently the acetylation and methylation at histone H3 [6, 19, 21-24]. DNA sites with
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modified histones in the 114 locus are essential for enabling cytokine expression after
reactivation [25], and methylation of H3K4 has been directly implicated in maintaining Th2
“memory” [26]. Early studies of 114 and 1fng made the important observation that permissive
histone modifications were present at the cytokine loci in non-activated, differentiated cells
that were not expressing cytokine genes, so that these modifications did not simply reflect
transcriptional activity, but were instead indicators of stable states of locus accessibility and
transcriptional competence [27]. Data on epigenetic modifications at the IL4 and IFNG loci
in human cells are more limited [28, 29]. The goal of the current study was to analyze
histone modifications at the promoters of CXCR3 and CCR4 in comparison with the
promoters for IFNG and L4 in order to understand the role of epigenetic regulation in the
expression of the chemokine receptor genes, including mechanisms underlying their less
restricted, lineage-independent expression. Our data provide new insights not only into the
regulation of chemokine receptor and cytokine genes in human Th cells, but also more
generally into pathways of Th cell differentiation and roles for histone modifications in
patterns of gene expression following Th cell activation. One of our conclusions is that
CCRA4 can be induced on activated T cells in a lineage-independent fashion through a
mechanism that is fundamentally different from that which occurs during Th2
differentiation, resulting in expression whose level is high, but which is unstable over time.

Lack of a simple correlation between levels of promoter H3K9/14ac, H3K4me2, H3K9me2,
H3K79me2 and expression of CCR4

We began our investigation of histone modifications in the regulation of CXCR3 and CCR4
by using human umbilical cord blood as a source of naive CD4* T cells (Supplemental Fig.
1). After activating and culturing cells under non-polarizing conditions, very few cells were
able to produced either IFN-y or IL-4 (Fig. 1A). In contrast, Th1 and Th2 culture conditions
yielded populations of cells able to produce preferentially IFN-y or IL-4, respectively. Just
as for the cytokines, freshly isolated naive cells did not express CXCR3 or CCR4. In marked
contrast, and unlike the cytokines, both receptors were expressed in cells cultured under
non-polarizing conditions (~35% of the population for CXCR3 and ~95% for CCR4). When
the cells were cultured under Th1l conditions, almost all expressed CXCR3 whereas only
~20% expressed CCR4. Conversely, under Th2 conditions, only ~15% expressed CXCR3
whereas ~75% expressed CCR4 (Fig. 1A and Supplemental Fig. 2). In all cultures, all the
IFN-y* cells were CXCR3*CCR4™ and all the IL-4" cells were CXCR3~CCR4™* (data not
shown). Our finding of a reciprocal pattern of expression for CXCR3 versus CCR4 cultured
under Th1 versus Th2 conditions was as expected from previously published data [2],
whereas expression under non-polarizing conditions of activation has not been well
characterized. The relative levels of MRNA matched the pattern of protein expression for
both signature cytokines and chemokine receptors (Fig. 1B), suggesting that the major
determinant of reciprocal expression was at the level of transcription.

To test whether a similar pattern of epigenetic change was established for the cytokines and
chemokine receptors, we analyzed acetylation by ChIP using antibodies that recognized
actetylation of histone H3 at lysines 9 and/or 14 (denoted as H3K9/14ac). Lysine acetylation
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is the best characterized histone modification and H3 hyperacetylation is a well described
determinant of transcriptionally competent chromatin [12, 13, 26, 29]. Quantification of
amplicons after IP was done by capillary electrophoresis on an Agilent Bioanalyzer and each
sample was normalized based on input (Fig. 2A). Negative controls using non-immune
mouse IgG gave signals below those using antibodies against H3K9/14ac or other histone
H3 modifications (data not shown). As a positive control, and as a test of consistency for the
ChIP among samples/subsets, we confirmed that H3K9/14 was acetylated at the CD4
promoter at similar levels for all tested subsets of human CD4* T cells.

For IFNG and IL4, relative levels of H3K9/14ac correlated well with relative levels of gene
induction. Importantly, in these and all other experiments, ChlIP assays were done on cells
before treatment with PMA and ionomycin, so that the results reflect the states of histones
H3 prior to pharmacological activation. For CXCR3, relative levels of H3K9/14ac under the
various culture conditions correlated with levels of CXCR3 expression. The results for CCR4
were, however, surprising. Although, levels of H3K9/14ac in the CCR4 promoter were
higher under Th2 vs. Th1l conditions, the non-polarized cells showed levels of acetylation
much lower than for the Th2-cultured cells, even though the non-polarized cells had the
highest levels of CCR4 expression. We considered the possibility that these results might be
confounded by the use of an alternate CCR4 promoter in the non-polarized cells, but
analysis of the CCRA4 transcriptional start site (TSS) by rapid amplification of 5 cDNA ends
showed that the site was identical in non-polarized and Th2-cultured cells (data not shown).

We next analyzed H3 methylation at each promoter in relation to gene expression. For
permissive marks, we chose H3K4me2 and H3K79me2, and for a silencing mark we chose
H3K9me2. H3K4me2 and H3K9me2 have been well studied in epigenetic regulation of
cytokine genes during Th1/Th2 differentiation [26, 29, 30]. To our knowledge, no data are
available for H3K79me2 in Th1/Th2 differentiation. However, given the recent information
on the role of this modification in transcription elongation at active genes [15, 17], we
thought it of interest to include this modification in our analysis. For the cytokine genes, in
general and as expected, levels of H3K4me2 and H3K79me2 were increased when inducible
expression was increased, whereas levels of H3K9me2 were increased when expression was
decreased (Fig. 2B). In some cases the non-expressing naive cells had patterns that were
more permissive than in the polarized cells in which the given gene was silenced, suggesting
a partially permissive state for the cytokine genes in the naive cells. In addition, the patterns
for the non-polarized cells, with high levels of H3K9me2, suggested that the cytokine genes
in these cells had also been silenced and had not simply remained in their naive
configuration.

The pattern of histone H3 methylation at the CXCR3 and CCR4 promoters had a number of
discordant features relative to expectations for permissive and silencing marks. For example,
for CXCRS, based on levels of gene and protein expression, the expected rank order for
H3K9me2 (silencing) was Naive>Th2>NP>Th1, whereas the observed order was
Th2>>NaivéNP>Th1. For CCR4, based on levels of gene and protein expression, the
expected rank order for H3K4me2 and H3K79me2 (permissive) was NP>Th2>Th1>Naive,
whereas the observed orders were Th2>NP~Naive>>Th1 and Th2>>NP~Naive>Thl,
respectively, and the expected rank order for H3K9me2 was Naive>Th1>Th2>NP, whereas
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the observed order was Th1>NP~Naive>Th2. As for the cytokine genes, these patterns
showed a difference between the non-expressing naive state and the silenced states, reflected
in the high levels of H3K9me2 at CXCR3 in Th2-cultured cells, and the low levels of
H3K4me2 and H3K79me2 and high levels of H3K9me2 at CCR4 in Thl-cultured cells.

Most surprisingly, but similar to the results for H3K9/14ac, the CCR4 promoter in naive and
non-polarized cells had similar H3 methylation patterns, with much lower levels of
H3K4me2 and H3K79me2 and a higher level of H3K9me2 as compared with Th2-cultured
cells - as if despite the high level of CCR4 expression in the non-polarized cells, little
remodeling had occurred at the CCR4 locus. In genome-wide studies, H3K4me3, which
binds to TFIID [16] among other factors, is the histone H3 methylation that shows the most
consistently elevated level localized at the start sites of actively transcribed genes [20, 31].
Alone among the modifications that we analyzed, and in contrast to H3K4me2, the level of
H3K4me3 was similar in the non-polarized and Th2-cultured cells (Fig. 2C). It is notable,
however, that even for this H3K4me3 modification, the CCR4 promoter was “under-
modified” in the non-polarized cells, since expression of CCR4 in the non-polarized cells
was significantly higher as compared with the Th2-cultured cells (Fig.1 and see Fig. 5
below). In order to rule out that the discordance between histone H3 modification and
expression of CCR4 was not confined to the gene’s promoter region, we also analyzed the
patterns of histone H3 acetylation and methylation from the body of CCR4 at approximately
1500 bp downstream of the transcription start site (Fig. 3A). Here too we found relatively
little modification at CCR4 in non-polarized cells. There were no significant differences
between the results for H3K9/14ac, H3K4me2, H3K9me2, and H3K79me2 in the naive
versus non-polarized cells, and H3K4me3 was increased in the non-polarized and Th2-
cultured cells (Fig. 3B). Overall, the levels of H3K79me2 were higher, and the levels of
H3K4me3 were lower than at the promoter, consistent with the existing data on relative
levels of these modifications across active genes [11].

Hyperacetylation can drive expression of cytokine and chemokine receptor genes

Histone acetylation can be augmented through the use of agents such as sodium butyrate, an
inhibitor of class | and Ila histone deacetlylases [32]. We used sodium butyrate, therefore, to
test whether acetylation of H3 is functionally important for expression of CXCR3, CCR4,
IFNG and IL4 during CD4* T cell differentiation. As shown in Fig. 4A and C and
Supplemental Fig. 3, treatment with sodium butyrate either increased the percentage of cells
expressing CXCR3, IFN-y or IL-4 when the control percentage was less than 100%, or
caused no change when the control percentage was already maximal. Consistent with these
effects, we found that sodium butyrate increased levels of H3K9/14ac in the corresponding
genes (Fig. 4B and D). We were surprised, however, to find that for CCR4, under Thl and
Th2, but not non-polarizing conditions, sodium butyrate treatment led to a decrease in the
percentage of positive cells. These changes were associated with decreased levels of
H3K9/14ac at the CCR4 promoter (Fig. 4B). By contrast, the level of H3K9/14ac at the
CCR4 promoter was increased in the non-polarized cells. Although we have no explanation
for this paradoxical action of sodium butyrate at CCR4 in the Th1- and Th2-cultured cells,
we presume that the effects were indirect, for example by increasing expression of a
butyrate-resistant histone deacetylase active at the CCR4 promoter. Together with the
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increases in expression of the other genes, the effect of sodium butyrate on both expression
and histone H3 acetylation of CCR4 is an “exception that proves the rule”, strengthening the
evidence for a causal connection between levels of H3K9/14ac at these promoters and gene
expression. In addition, the contrasting effect of sodium butyrate on CCR4 in the Th1- and
Th2-cultured vs. non-polarized cells is consistent with the data in Fig. 1 showing a basic
difference in how CCRA4 expression was regulated in the Th1/Th2 cultured vs. non-polarized
cells.

Patterns of histone H3 modifications at the CCR4 promoter correlate with the kinetics of
CCR4 expression

Although the histone H3 modifications at the CCR4 promoter in the Th2-cultured cells
showed the pattern expected for an active gene, results with the cells cultured under non-
polarizing conditions showed that these changes were not required for high induction of
CCRA4. Given the expression of CCR4 on resting Th2 cells in peripheral blood [4] and the
apparent stability in patterns of chemokine receptor expression reported for individual
donors over time [33], we hypothesized that differences in CCR4 histone modifications in
the Th2-cultured versus non-polarized cells might affect stability of gene expression. We
tested this by activating naive cells for three days under non-polarizing, Thl or Th2
conditions, and then left cells in IL-2 alone while following CCR4 expression.

Consistent with our hypothesis, after levels of CCR4 mRNA and protein reached their
maxima at days 5-7 for both non-polarized and Th2-cultured cells, levels in the non-
polarized cells fell when cultured in IL-2 alone, whereas levels in the Th2-cultured cells
remained stable (Fig. 5A and B and Supplemental Fig. 4). The kinetics in the Th2-cultured
cells were associated with significant and sustained hyperacetylation of histone H3 at the
CCR4 promoter, while, as we found previously, acetylation in the non-polarized cells was
low, similar to that seen under Th1 conditions (Fig. 5C). If H3 hyperacetylation at the CCR4
promoter in Th2-cultured cells were important for the sustained expression of CCR4, then
treating the non-polarized cells with sodium butyrate would be expected to mitigate the
decline in CCR4 expression, and this is what was observed (Fig. 5D). While treatment of
non-polarized cells with sodium butyrate increased the level of H3K9/14ac at the CCR4
promoter, levels of acetylation as well as gene expression were not brought up to those seen
in the Th2-cultured cells (Fig. 5E). Consistent with the inability of sodium butyrate to
stabilize CCR4 expression fully, the compound produced only modest or no changes in
H3K4me2, H3K9me2, and H3K79me2 at the CCR4 promoter (data not shown). For
H3K4me3, as we showed in Fig. 2 and 3, levels rose significantly along with induction of
CCR4 under both non-polarizing and Th2 conditions, and the overall trends in H3K4me3
matched expression CCR4 gene and protein patterns (Fig. 5F). However, it is evident from
all the data at multiple time points that even for H3K4me3 the non-polarized cells were
relatively “under-modified”. Together, these data suggest that modification of histone H3 at
the CCR4 promoter has a role in determining the kinetics, as opposed to the levels per se, of
CCRA4 expression in the non-polarized vs. Th2-cultured cells—transient (although high) in the
former, and sustained in the latter.
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Differences in chemokine receptor expression and cytokine production in CXCR3*CCR4-
and CXCR3"CCR4* versus CXCR3*CCR4* subsets

We extended our analyses from cord blood-derived, in vitro-polarized effector/memory
CD4* T cells to subsets of bona fide memory cells purified from peripheral blood. As shown
in Fig. 6A and Supplemental Fig. 5, we identified naive cells as
CD4*CD45RO~CD62L*CXCR3™CCR4™ and effector/memory cells as CD4*CD45RO™.
The CD4*CD45R0O"* (effector/memory) cells were further separated into the four subsets as
defined by CXCR3 and CCR4 expression. Unlike cord blood-derived cells, because the
subsets from peripheral blood were sorted based on receptor expression, each subset was
homogeneous with regard to the presence or absence of CXCR3 and/or CCR4. Almost all
CXCR3- and CCR4-expressing CD4* T cells are in the CD*CD45RO* population, and we
have shown previously that the CXCR3" and CCR4™ cells in the CD4*CD45RO™ population
are, in fact, effector/memory cells [34]. Therefore, for purposes of cell sorting, we routinely
removed any CXCR3* or CCR4* CD4*CD45R0O™ cells from our naive samples. As
described previously [3, 4, 34, 35] and as shown in Fig. 6A, and Supplemental Fig. 5B, IFN-
y-producing cells were found wholly within the CXCR3* populations, and 1L-4-producing
cells were found wholly within the CCR4* populations.

Two observations from these expression data are of interest. As judged by fluorescent
intensities, levels of surface CXCR3 and CCR4 were lower in the CXCR3*CCR4* cells than
in their respective single-positive (CXCR3*CCR4~, CXCR3~CCR4™) counterparts and,
similarly, levels of intracellular IFN-vy (as well as numbers of IFN-y* cells) were lower in the
CXCR3*CCR4™ versus the CXCR3"CCR4~ subset. Although there were fewer IL-4* cells
in the CXCR3*CCR4* versus the CXCR3™CCR4™* subset, levels of 1L-4 per cell were not
obviously different (Fig. 6B). Relative levels of cytokine and chemokine receptor mRNA
among the subsets, as shown in Fig. 6C, generally matched the protein expression data.

Histone H3 modifications at promoters for CXCR3, CCR4, IFNG, and IL4 in CD4* T cells

from blood

Fig. 7 shows the results of ChIP assays for the cells from peripheral blood, which were
analyzed without activation ex vivo. The pattern for acetylation was strongly polarized.
Naive cells and CXCR3™CCR4™ memory cells lacked significant H3K9/14ac at the
promoter of either of the receptor genes. In marked contrast, CXCR3*CCR4~ and
CXCR3~CCR4" memory cells had high levels of H3K9/14ac on the promoters of CXCR3
and CCR4, respectively, and CXCR3*CCR4* memory cells had high levels of H3K9/14ac at
both receptor genes (Fig. 7A). Further, the CXCR3*CCR4™ subset, which had high
inducible expression of IFNG, but not IL4, showed high H3K9/14ac on the promoter for
IFNG but not IL4. The CXCR3~CCR4* subset showed a strongly polarized reciprocal
pattern. Of additional interest, the CXCR3*CCR4* subset, which had much lower levels of
cytokine gene expression and frequencies of cytokine-producing cells and lower levels of
inducible IFN-y per IFN-y* cell as compared with the single receptor positive subsets,
showed levels of H3K9/14ac at the cytokine gene promoters that were not significantly
different from what was found in the single-receptor positive cells. These latter data
suggested subset-specific differences in the relationship between histone H3 acetylation and
permissiveness for gene activation.
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For the histone H3 methylations, significant differences were found among the cell subsets,
although as compared with the acetylation data, the magnitudes of the differences were less
pronounced (Fig. 7B). At the CXCR3 promoter, the CXCR3*CCR4™ cells had the highest
levels of H3K4me2 and H3K79me2 (permissive) and the lowest level of H3K9me2
(silencing). The “oppositely” polarized CXCR3™CCR4™* cells were most notable for the high
level of H3K9me2 at the CXCR3 promoter, suggesting silencing and not merely non-
expression. Naive (CXCR3") cells were generally low in both permissive and silencing
modifications, including levels of H3K9me2 much lower than in the other CXCR3™ subsets,
whereas the CXCR3"CCR4-memory cells showed a “balanced” increase in both classes of
methylations at the CXCR3 promoter. The pattern for CXCR3 in CXCR3*CCR4" cells was
of particular interest. Although the level of H3K79me2 in these cells was equal to the level
in the CXCR3*CCR4™ subset, the level of H3K4me2 was lower and the level of H3K9me2
was much higher, similar to the CXCR3™ subsets, creating a unique, “mixed” pattern that
correlated with an intermediate level of CXCR3 expression (Fig. 6).

For CCR4, the CXCR3™CCR4™* cells had a polarized pattern analogous to that of CXCR3 in
the CXCR3*CCR4™ subset — high H3K4me2 and H3K79me2 and low H3K9me2 — and the
CCR4™ memory subsets showed patterns consistent with a silenced CCR4. Naive (CCR4")
cells had levels of H3K4me2 and H3K79me2 higher than for one or both of the other
CCR4™ subsets, along with a high level of the silencing modification, H3K9me2. For CCR4,
analogous to but less dramatic than for CXCR3, the CXCR3*CCR4™ cells differed from the
CXCR3~CCR4* principally in having higher levels of H3K9me2, correlating with an
intermediate level of CCR4 expression (Fig. 6B).

For the IFNG and IL4 promoters, the CXCR3*CCR4~ and CXCR3~CCR4" cells showed
highly polarized patterns, consistent with the CXCR3*CCR4~ and CXCR3™CCR4* subsets
containing IFN-y*IL-4~ and IFN-y~IL-4* cells, respectively. These findings are particularly
notable for the IL4 gene in the CXCR3™CCR4* cells, since only a small percentage of these
cells are IL-4 producers after activation ex vivo (Fig. 6A), suggesting that the IL4 gene has
been at least partially enabled in many more of these cells than can be shown to be IL-4
producers. Changes at the IFNG promoter in the CXCR3™CCR4™ cells, which are not able to
express either IFN-y or IL-4, resembled those at the CXCR3 promoter in these same cells,
with increases in both permissive and silencing modifications versus naive cells. Of
particular interest were the patterns for cytokine genes in the CXCR3*CCR4* cells. The
promoters at both cytokine genes showed a “mixed” permissive/silent pattern: at the IFNG
promoter an intermediate level of H3K4me2, a high level of H3K9me2, and a low level of
H3K79me2, and at the L4 promoter high levels of H3K4me2, H3K9me2, and H3K79me?2.
Inspection of the data in Fig. 7 suggests that the patterns at the cytokine gene promoters in
the CXCR3*CCR4™ subset could not have resulted simply from mixtures of cells that
displayed the other, polarized patterns, and that these data revealed combinations of
modifications unique to the CXCR3*CCR4™ cells.

Discussion

For CXCR3 and CCR4, very little is known about how expression is regulated, and in
particular how epigenetic mechanisms control expression in relation to changes at the
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cytokine genes during Th differentiation. CXCR3 and CCR4 are clearly associated with Thl
and Th2 pathways of differentiation, respectively. The histone H3 modifications at the
CCR4 promoter in the CXCR3*CCR4™ and Thil-cultured cells, as well as the pattern at the
CXCR3 promoter in the CXCR3™CCR4" and Th2-cultured cells, strengthens the connections
between these chemokine receptors and polarizing pathways of Th cell lineages - like the
cytokine genes, CCR4 and CXCR3 are not merely non-expressed in cells of the “opposite”
lineage, but show evidence of silencing.

For the CCR4 and 1L4 promoters, we found similarities in the modifications of histone H3,
particularly in the highly polarized populations—Th2- and Th1-polarized cultured cells, and
in the CXCR3™CCR4" and CXCR3"CCR4™ subsets from blood. In addition, in naive cells
promoters for both CCR4 and I1L4 showed higher levels of permissive modifications and/or
lower levels of silencing modifications as compared with Th1-polarized cells, suggesting
that the promoter histones in naive cells are in a relatively permissive state — and not simply
unmodified —with the genes poised to be rapidly induced after T cell activation [36]. In spite
of these points of convergence, it is equally clear that regulation of CCR4 and L4 differ.
Our clearest example was the high expression of CCR4, but not IL4, under non-polarizing
culture conditions - and we found, in fact, that CCR4 was regulated by mechanisms that
were different in the non-polarized versus Th2-cultured cells. Of the five modifications of
histone H3 that we analyzed, only H3K4me3, which is found reliably at the transcriptional
start sites of active genes [20, 31], was elevated at the CCR4 promoter in the non-polarized
cells at levels similar to what we found in Th2 cells. This latter result is consistent with our
finding of the same transcriptional start site for CCR4 in the non-polarized and Th2-cultured
cells. Nonetheless, even for this modification CCR4 was “under-modified” in the non-
polarized as compared with Th2-cultured cells.

The low levels of the other enabling histone H3 modifications at both at the promoter and in
the body of the CCR4 gene in the non-polarized cells, suggested that, in these cells, CCR4
remained in a relatively inactive configuration. This supposition was supported by our
finding that without continued activation, levels of CCR4 expression in the non-polarized
cells fell over time. By contrast, levels of CCR4 were maintained on the Th2-cultured cells,
which showed a highly active pattern of CCR4 histone H3 modifications. Of particular
importance, inhibiting deacetylases with sodium butyrate had a mitigating effect on the fall
in CCR4 expression in the non-polarized cells, consistent with a causal role for the modified
histones in maintaining gene activity.

The high level of expression of CCR4 in the cells cultured under non-polarizing conditions
may seem at odds with the results for the CXCR3“CCR4™ subset in adult blood, which had a
non-polarized phenotype. One potential explanation is that the vast majority of cells in blood
are resting, and we showed that as non-polarized cells come to rest they lose CCR4. It is
possible, therefore, that the CXCR3™CCR4™ cells in blood represent the memory equivalents
of cells that had been activated under non-polarizing conditions. In fact, we did not identify
a CCR4™ subset from blood that corresponded to the cells that were activated in vitro under
non-polarizing conditions. Although in this report we have described and characterized
epigenetic regulation of a pathway of CCR4 induction separate from Th2 differentiation,
which we presume is relevant to a subset of acutely activated cells in vivo, our data do not in
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themselves explain the broader pattern of expression of CCR4 vis a vis IL4 in cells in
peripheral blood. CCR4™ cells in the CXCR3™CCR4* subset from adult blood, only few of
which are demonstrably Th2 cells, showed the same pattern of histone H3 modifications that
we found on cells cultured under Th2 conditions in vitro. Within the limits of our analysis
then, the critical role for epigenetic regulation of CCR4 appears to be in determining that
activation-induced, lineage-independent expression is transient and that lineage-associated
expression, which our data suggest includes expression in the CXCR3™CCR4* subset from
blood, is persistent.

It is of interest that despite the small number of IL-4" cells in the CXCR3~"CCR4™* subset,
the 1L4 promoter in these cells showed the same permissive pattern of histone modifications
as for CCR4. These findings are consistent with a model where promoters for both 1L4 and
CCR4 have been modified to favor expression in the CXCR3™CCR4* cells, but that for IL4
these changes alone are not sufficient for transcriptional competence. The changes at the I1L4
gene suggest that the promoter has been pre-configured in these cells as an early component
of a stepwise process, and the data help in understanding the previous observation that
CXCR3-CCR4™ central-memory T cells consist of “pre-Th2” cells that differentiate into
fully competent Th2 cells after additional activation [37].

Patterns of expression for CXCR3 and IFNG in both the in vitro activated and peripheral
blood cells were more uniformly concordant than for CCR4 and 1L4. One mechanism,
surely, is the genes’ shared use of T-bet, which can induce H3K4me2 and histone H3
hyperacetylation at the cxcr3 promoter in mouse cells [38, 39]. Nonetheless, CXCR3 and
IFNG were not regulated identically, and expression of CXCR3 was more permissive than
for IFNG. Of potential relevance to this observation, even in “oppositely” polarized cells
that expressed neither CXCR3 nor IFN-y (in vitro Th2 cultured and CXCR3~CCR4" cells
from blood), we found more mixed patterns of histone H3 modification at the CXCR3
promoter as compared with IFNG, suggesting that CXCR3 was not fully silenced.

Where mixed permissive/non-permissive patterns of histone H3 modifications were most
striking was in the CXCR3*CCR4* subset from blood. These cells showed lower levels of
surface CXCR3 and mRNA for CXCR3 and IFNG as compared with the CXCR3*CCR4~
cells, and lower levels of surface CCR4 and mRNA for CCR4 and L4 as compared with
CXCR3-CCR4™ cells. For IFN-y-producing cells, intracellular staining showed not only
fewer positive cells, but lower MFI’s for IFN-y in the CXCR3*CCR4* versus
CXCR3*CCR4~ cells. Although, in an analogous fashion, the IL-4-producing cells in the
CXCR3*CCR4™* subset may have made less IL-4 per cell vs. the CXCR3"CCR4* cells, this
could not be demonstrated from the staining, perhaps due to the low-intensity signal and
poor dynamic range for measuring intracellular IL-4. For all four genes, the promoter
histones H3 showed mixed permissive/silenced patterns of modifications whose levels could
not have resulted from simple mixtures of cells from polarized subsets, but rather suggested
unique patterns. The most consistent repressive modification at each of the genes in the
CXCR3*CCR4™* cells was H3K9me2. Within the Th1 memory population, the IFN-y-
producing CXCR3*CCR4™ cells therefore represent a distinct subset, which presumably
arises under activating conditions that differ from those found in highly polarizing type 1
environments. The recognition of this subset reinforces the observations that pathways of Th
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differentiation are highly branched, with under-appreciated levels of heterogeneity [34], and
that schemes describing mutually exclusive early lineage commitments are
oversimplifications of events in vivo.

For CCR4, an important conclusion from our analysis is that the roles for histone H3
modifications in gene expression can be highly dependent on the overall transcriptional
environment, producing significant discordance between modifications at promoter histones
H3 and expression — even for a single gene. In fact, we are not aware of another example of
a single gene that can be highly induced with very different patterns of promoter histone
modifications, nor where such patterns can be implicated in determining transient versus
persistent expression. One interpretation of these findings is that levels and/or the identities
of factors present in cells activated under non-polarizing conditions are extremely potent in
driving CCR4 expression and do not require the permissive modifications of histone H3 to
enhance the formation of transcriptional complexes. The lack of these histone modifications
in the non-polarized cells assured that when the environment became less favorable, i.e.
when the cells were allowed to rest, CCR4 expression was lost. By contrast, the permissive
modifications in the Th2-cultured cells (and CCR4* memory cells in peripheral blood)
guaranteed continued expression. Together, our data suggest, as have others [40], that the
histone code hypothesis, which proposes that specific combinations of histone modifications
specify unique downstream functions, may not best conceptualize the role of histones in
transcriptional regulation — at least in the dynamic environment of activated, differentiating
T cells.

Materials and methods

Reagents

Anti-CD3, clone OKT3, was obtained from Ortho Biotech, and anti-CD28, clone CK248,
was a gift from Calman Prussin, NIH, Bethesda, MD. Anti-1L-4. anti-IL-12, anti-IFN-v, and
all antibodies used for flow cytometry were from BD Biosciences. IL-2 was from
Hoffmann-La Roche, and IL-4, 1L-12 and TGF-31.2 were from R&D Systems. Monensin
was from Calbiochem. Chromatin immunoprecipitation (ChlP) assay kits, sodium butyrate,
and all the ChIP-grade antibodies were purchased from Upstate Biotechnology. A 5’ Rapid
Amplification of cDNA Ends (5" RACE) kit was from Invitrogen.

In vitro activation of naive cord blood CD4* T lymphocytes

Human cord blood was obtained at Shady Grove Adventist Hospital (Gaithersburg, MD) as
approved by the hospital’s Institutional Review Board. Naive CD4* T lymphocytes were
isolated by negative selection using RosetteSep CD4™ T cell enrichment cocktail (StemCell
Technologies). Naive CD4* T cells were further purified by positive selection using
CD45RA microbeads (Miltenyi Biotec) and negative selection using PE-anti-CXCR3 and
PE-anti-CCR4 plus anti-PE microbeads (Miltenyi Biotec). Stimulation of the CD4* T cells
was performed as describe previously [35] using plate-bound anti-CD3 (10 pg/ml), soluble
anti-CD28 (1 pg/ml) in non-polarizing conditions (200 1U/ml rIL-2, 0.4 pug/ml anti-1L-4, 2
pg/ml anti-1L-12, 8 pg/ml anti-IFN-y, and 10 ng/ml TGF-$1.2), Th1 conditions (200 1U/ml
riL-2, 2 ng/ml rIL-12 and 0.4 pg/ml anti-1L-4), or Th2 conditions (200 IU/ml rIL-2, 4 ng/ml
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riL-4, 2 pg/ml anti-1L-12, and 8 ug/ml anti-IFN-y). After 3 days, cells were washed and
expanded under the same conditions in the absence of anti-CD3 and anti-CD28, or only in
IL-2 as indicated in the figure legends.

Purification and sorting of lymphocytes subsets

Elutriated lymphocytes were obtained from healthy donors by the Department of
Transfusion Medicine, National Institutes of Health (Bethesda, MD) under a protocol
approved by the Institutional Review Board. CD4* T cells were purified by negative
selection using RosetteSep as above. Naive and effector/memory subsets of CD4* T cells
were isolated by cell sorting using a FACS Aria flow cytometer (BD Biosciences) as
described previously [34] and shown in Supplemental Fig. 5. The purity of sorted
populations was 95-99%.

Flow cytometry and analysis for intracellular cytokines

For staining surface antigens, cells were incubated for 30 min at room temperature. For
analyzing cytokine production, cells were stimulated with 20 ng/ml PMA, and 1 mM
ionomycin in the presence of 2 mM monensin or Leukocyte Activation Cocktail, with
GolgiPlus™ (BD Pharmingen) for 6 h at 37 °C before being stained with APC-anti-IFN-y
and APC-anti-IL-4 using Cytofix/CytoPerm Plus kit (BD Pharmingen), Cells were analyzed
on a FACSCalibur cytometer with CellQuest (BD Biosciences), and data were analyzed
using FlowJO (Tree Star).

Real-time RT-PCR

RNA was isolated using Trizol (Invitrogen). Real-time RT-PCR was performed with 50 ng
of RNA using SuperScript One Step RT-PCR kit (Invitrogen). Primer and probe sets (FAM/
MGB-labeled) were purchased from Applied Biosystems. Real-time PCR analysis was
performed in duplicate using an ABI 7700 Sequencer System (Applied Biosystems).
Concentrations of input RNA and primers were adjusted to assure that threshold cycles were
within the exponential phase of amplification. Results were normalized based on the values
for GAPDH mRNA, detected using TagMan GAPDH Control reagents (Applied
Biosystems), and expressed as noted in the figure legends.

Chromatin immunoprecipitation

ChIP experiments were performed using EZ ChIP™ kit per the manufacturer’s instructions
(Upstate Biotechnology). T cells were treated with 1% formaldehyde for 10 min at room
temperature followed by addition of glycine. Cells were resuspended in SDS lysis buffer and
incubated on ice for 10 min before sonication to generate DNA fragments between 200—
1000 base pairs. Samples in ChIP dilution buffer were pre-cleared by incubating with
protein G agarose/salmon sperm DNA for 1 h at 4 °C. After removing 1% of the sample for
analyzing input DNA, the pre-cleared chromatin was incubated at 4 °C overnight with anti-
histone H3 antibodies or normal mouse IgG (for the negative control). Complexes were
immunoprecipitated using protein G agarose. After washing with low salt, high salt, and
LiCl immune complex wash buffers and TE, the precipitates were eluted twice with elution
buffer. Cross-linking was reversed by incubation at 65 °C overnight with 0.2 M NaCl
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followed by digestions with RNase A and proteinase K. DNA was purified either by phenol-
chloroform extraction followed by ethanol precipitation or using spin columns provided with
the EZ ChIP™ Kit.

PCR assay and quantification of immunprecipitated DNA

For CXCR3 and CCR4, PCR primers were 21-mers located either immediately upstream of
the transcriptional start sites or in the body of the gene (see Fig. 3). Primers for CD4, IFNG,
and L4 promoters were as described [28]. PCR conditions and serial tenfold dilutions of
input DNA were used to insure non-saturation kinetics and similar amplification efficiencies
for all amplicons within the reactions. PCR products were analyzed in two ways: 1) agarose
gel electrophoresis and staining with ethidium bromide, and 2) quantification by capillary
electrophoresis using DNA 1000 LabChip Kit and Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA). As indicated in the figure legends, data were normalized to
the input DNA and, in some cases, normalized additionally to values from naive cells.

5’ rapid amplification of cDNA ends (5" RACE)

5" RACE was performed using 5" RACE system kit (Invitogen) according to the
manufacturer’s protocol. Sequences of gene-specific primers are available on request.
Products were purified by agarose gel electrophoresis and sequenced.

Statistical analysis

Statistical analysis was done using either the Student’s t-test or one-way ANOVA with
Bonferroni correction as noted in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Patterns of receptor expression and cytokine production in cells activated in vitro. Naive

(CD45RA*CD62L*CXCR3™ CCR47) CD4* T cells from cord blood were stimulated with
plate-bound anti-CD3 and soluble anti-CD28 in non-polarizing, Thl, or Th2 conditions. (A)
On day 12, cells were stained with FITC-anti-CD4 and PE-anti-CXCR3 or FITC-anti-CD4
and PE-anti-CCR4 antibodies or stimulated with the leukocyte activation cocktail for six
hours, fixed, permeabilized and stained with FITC-anti-CD4 and APC-anti-IFN-y or FITC-
anti-CD4 and APC-anti-1L-4 antibodies before analysis. Quadrants were drawn based on the
staining with isotype controls (see Supplemental Fig. 2) and the percentages of cells staining
for chemokine receptor (left panel) or cytokine (right panel) are displayed. (B) Polarized
cells were stimulated with PMA and ionomycin and the mRNA levels for chemokine
receptor and cytokine genes were quantified using real-time RT-PCR. Values were
normalized to GAPDH and then to the results for naive cells. Data in (A) are from one
donor, representative of five donors/experiments. Data in (B) are means + SEM of pooled
results from three donors/experiments where RNA analysis was done together with receptor
and cytokine staining, including the donor displayed in (A). **p<0.01 versus all other
samples using Student’s t-test.
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Figure 2.

La?ck of a simple correlation between levels of promoter acetylation, methylation and
expression of CCR4 in cells activated in vitro. Naive CD4* T cells from cord blood were
purified and cultured as in Fig. 1. On day 12, cells were analyzed for (A) H3K9/14ac at the
CD4, CXCR3, CCR4, IFNG, and IL4 promoters; for (B) H3K4me2, H3K9me2 and
H3K79me2 at the CXCR3, CCR4, IFNG, and IL4 promoters; and for (C) H3K4me3 at the
CCR4 promoter. Shown are means + SEM of pooled results from three donors/experiments.
Ratios of immunoprecipitated DNA over input DNA were normalized to the value for naive
cells. *p<0.05, **p<0.01 versus all other samples using one-way ANOVA with Bonferroni
correction. Additional, selected pair-wise comparisons are indicated by the lines above the
bars (see text).

Eur J Immunol. Author manuscript; available in PMC 2015 April 28.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Singh et al.

Page 18

TSS

-627
- +1146 3
- Er  AmREEED LSRR E_:I
<«

Promoter “7TExon 1 Intron Exon 2

@

Y
~
»
N
2

~
-
o

’.

Normalized H3K9me2
- ; NG

(=
o «
Naive I

NP -

Thi

ratio vs Nalve

o N & o o

Nalve‘.(

ratio vs Naive
Normalized HIK79me2

Normalized histone H3
acetylation ratio vs Naive
o w o o

Naive [
Thi K
Normalized H3Kdme2
ratio vs Naive
ol
-3 o -
Naivo [

NP

Thi
Th2

NP

Thimm

NP
Th2

Th2 [k

Th2

O - N W s n e

Naivn-

Normalized H3K4me3
ratio vs Naive

NP

™p

The

Figure 3.
For CCR4, the pattern of histone H3 modifications in the body of the gene match the pattern

at the promoter in cells activated in vitro. (A) Schematic diagram showing genomic
organization of the CCR4 locus and the positions of the primers used in ChIP assays. The
solid line represents the promoter region, boxes represent exons, and the dashed line
represents an intron. Open boxes show non-translated regions and the filled box shows the
open reading frame, beginning with the ATG codon. Positions are numbered based on +1 for
the transcription start site, which we identified using 5 RACE, and corresponds to position
32993130 in NCBI Reference Sequence: NC_000003.11. The positions of the 21-nucleotide
primers used to amplify promoter and down-stream sequences are indicated by arrows. (B)
Naive CD4* T cells from cord blood were cultured and analyzed as in Fig. 2, except that the
primers used for amplification began at positions +1146 (5) and +1720 (3’) as shown in A.
Shown are means + SEM of pooled results from three donors/experiments. Data were
analyzed and displayed just as in Fig. 2.
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Figure4.
Hyperacetylation can drive expression of chemokine receptor and cytokine genes. Naive

CD4* T cells from cord blood were purified and cultured as in Fig. 1. and sodium butyrate
(NaB) was added on day 9. On day 12, cells were harvested, treated and analyzed as in Fig.
1A. For determining percentages of cells staining positive, quadrants were drawn based on
isotype controls (see Supplemental Fig 3). The percentages of cells expressing (A)
chemokine receptors, or (C) producing cytokines are shown for each culture condition in
sodium butyrate-treated cells and untreated cells. (B, D) Cells were analyzed for H3K9/14ac
at the CXCR3, CCR4, IFNG, and IL4 promoters as in Fig. 2. Shown are means + SEM of
pooled results from three donors/experiments. Comparisons between sodium butyrate-
treated cells and untreated cells that yielded significant differences are indicated by the lines
above the bars. *p<0.05, **p<0.01, using Student’s t-test.
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Figureb5.

HgK9/14ac at the CCR4 promoter correlates with rates of loss of CCR4 expression in cells
activated in vitro. Naive CD4* T cells from cord blood were purified and cultured initially
as in Fig. 1. On day 3, cells were transferred to IL-2-containing medium without polarizing
cytokines or antibodies. On day 6, cells were either treated with sodium butyrate (NaB) or
left untreated. Samples were analyzed at various days as shown. (A, D) Cells were harvested
and stained with FITC-anti-CD4 and PE-anti-CCR4 antibody. For determining percentages
of cells staining positive, quadrants were drawn based on isotype controls (see Supplemental
Fig. 4). (B) mRNA levels for CCR4 were quantified as in Fig. 1. (C, E) Cells were analyzed
for H3K9/14ac and (F) for H3K4me3 at the CCR4 promoter as in Fig. 2. Shown are the
means + SEM of pooled results from three donors/experiments in (A-C), from three
additional donors/experiments in (D and E), and from three additional donors/experiments in
(F). Selected comparisons are indicated by the lines above the bars. *p<0.05, **p<0.01,
using Student’s t-test.
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Figure®6.
Using CXCR3 and CCR4 to purify subsets of CD4*CD45RO* memory T cells reveals

differences in chemokine receptor expression and/or cytokine production in single-positive
vs. CXCR3*CCR4* cells. (A) Top panels: Cells enriched for CD4* T cells from PBMC of
healthy donors were stained for CD4, CD45R0, CD62L, CXCR3 and CCR4. Staining for
CXCR3 and CCR4 is shown for the effector/memory (CD45R0O™) T cells. Bottom panels,
CDA4* T cells were sorted into naive (CD4*CD45RO™CD62L*CXCR3™CCR4") and the four
effector/memory (CD4*CD45R0") subsets based on expression of CXCR3 and CCR4.
Sorted cells were stimulated immediately as in Fig. 1 and stained with FITC-anti-IFN-y and
APC-anti-1L-4 antibodies before analysis. In both sets of panels, quadrants were drawn
based on the staining with isotype controls (see Supplemental Fig. 5) and the percentage of
cells in each quadrant is displayed. (B) Mean fluorescence intensities (MFI) are shown in
arbitrary units for CXCR3 and IFN-y in CXCR3*CCR4~ and CXCR3*CCR4* cells and for
CCR4 and IL-4 in CXCR3™CCR4" and CXCR3*CCR4* cells. (C) mRNA levels for
chemokine receptor and cytokine genes were quantified using real-time RT-PCR as in Fig.
1. Results in (A and B) are shown for one donor/experiment representative of three and the
results in (C), which shows means + SEM for the levels of mMRNA, are pooled from four (for
CXCR3, IFNG and IL4) and five (for CCR4) donors/experiments, including the donor used
for (A and B). Selected comparisons are indicated by the lines above the bars, and **p<0.01
using Student’s t-test.
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Figure?7.
Combinatorial patterns of promoter histone H3 modifications distinguish subsets of primary

CD4* T cells with varying levels of chemokine receptor and cytokine gene expression.
Naive and effector/memory CD4* T cells were sorted from peripheral blood as in Fig. 6.
Cells were analyzed for (A) H3K9/14ac at the CD4, CXCR3, CCR4, IFNG, and IL4
promoters and for (B) H3K4me2, H3K9me2, and H3K79me2 at the CXCR3, CCR4, IFNG,
and L4 promoters and the results from three donors/experiments were analyzed and
displayed as in Fig. 2. For (A) **p<0.01, significant differences between CXCR3*CCR4~ or
CXCR3~CCR4" and all other subsets, with the exception of the CXCR3*CCR4" cells, for
which differences were not significant. For (B) *p<0.05, **p<0.01, significant differences
versus all other samples, except in the cases of H3K79me2 at CXCR3 in CXCR3*CCR4"~
versus CXCR3*CCR4* cells, H3K4me2 and H3K79me2 at CCR4 in CXCR3~CCR4™* versus
CXCR3*CCR4" cells, and H3K4me2 and H3K79me2 at IL4 in CXCR3™CCR4* versus
CXCR3*CCR4" cells. Additional, selected pair-wise comparisons are indicated by the lines
above the bars (see text) using one-way ANOVA with Bonferroni correction.
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