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Histone Acetylation Facilitates Rapid and Robust Memory
CD8 T Cell Response through Differential Expression of
Effector Molecules (Eomesodermin and Its Targets: Perforin
and Granzyme B)1
Yasuto Araki,* Monchou Fann,* Robert Wersto,† and Nan-ping Weng2*

D

uring the process of naive cell to memory cell differentiation, memory CD8 T cells acquire two unique properties: long life and enhanced effector function (1–3).
This enhanced effector function is associated with a low threshold
for activation and a rapid production of effector molecules of memory CD8 T cells, and is controlled in part by transcription factors
such as Eomesodermin (EOMES) and T-box transcription factor
21 (TBX21) (4 – 6). It has been shown that EOMES directly regulates expression of perforin (PRF1), granzyme B (GZMB), and
IFN ␥ (IFNG), and promotes effector function in CD8 T cells (5).
However, the mechanisms that differentially regulate the expression of EOMES and its targets in memory CD8 T cells are not fully
understood.
Activation of gene transcription is controlled by the availability
of transcription factors and the accessibility of chromatin structure
at the gene locus. Recent studies suggest that an “accessible” or
“repressed” chromatin structure is regulated in part by the modifications of histone amino-terminal tails such as acetylation, methylation, phosphorylation, and other posttranslational modifications
(7–9). Histone acetylation occurs at a lysine residue of histone tails
and is modified by two opposing enzymes: histone acetyltrans-
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ferases (HATs)3 and histone deacetylases (HDACs) (10, 11). An
enhanced level of histone acetylation is generally correlated with
accessible chromatin structure, which is seen not only in active
gene transcription but also in nontranscribed genes poised for response (12). Furthermore, a decrease in histone acetylation using
an inhibitor of HAT activity, such as curcumin, results in a decrease in gene expression (13). Thus, histone acetylation could
provide a means of rapid activation of specific gene expression in
a cell in response to stimulation.
Accumulating evidence suggests that acetylation of histone H3
lysine 9 (H3K9Ac) and lysine 14 (H3K14Ac) are markers for accessible chromatin or chromatin that is transcriptionally active
while methylation of H3 lysine 9 (H3K9me) is associated with
gene silencing (14 –18). In naive CD4 T cells, histones H3 and H4
in the Il4 and Ifng loci were unacetylated but were rapidly acetylated after activation (19). In activated CD8 T cells, hyperacetylation of histone H3 at the Ifng promoter and enhancer was maintained through memory T cells (20). Our recent findings
demonstrate that the differentially higher expressed genes have
high levels of H3K9Ac in their gene loci in memory CD8 T cells
and increased H3K9Ac levels after an HDAC inhibitor (Trichostatin A) treatment increases gene expression in naive CD8 T cells
(21), providing evidence that histone acetylation may regulate
gene expression and function of memory CD8 T cells. In addition, changes in DNA methylation in some of these gene loci
have also been reported (20, 22, 23). There is an inverse correlation between the methylation of the 5⬘UTR and EOMES
expression (24) and DNA hypomethylation in the PRF1 promoter increases PRF1 expression (25). However, it is unknown
whether epigenetic changes such as histone modifications play

3
Abbrevations used in this paper: HAT, histone acetyltransferase; PRF1, perforin 1; GZMB, granzyme B; HDAC, histone deacetylase; ChIP, chromatin
immunoprecipitation.
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To understand the mechanism regulating the effector function of memory CD8 T cells, we examined expression and chromatin
state of a key transcription factor (eomesodermin, EOMES) and two of its targets: perforin (PRF1) and granzyme B (GZMB).
Accessible chromatin associated histone 3 lysine 9 acetylation (H3K9Ac) was found significantly higher at the proximal promoter
and the first exon region of all three genes in memory CD8 T cells than in naive CD8 T cells. Correspondingly, EOMES and
PRF1 were constitutively higher expressed in memory CD8 T cells than in naive CD8 T cells at resting and activated states.
In contrast, higher expression of GZMB was induced in memory CD8 T cells than in naive CD8 T cells only after activation.
Regardless of their constitutive or inducible expression, decreased H3K9Ac levels after treatment with a histone acetyltransferase inhibitor (Curcumin) led to decreased expression of all three genes in activated memory CD8 T cells. These
findings suggest that H3K9Ac associated accessible chromatin state serves as a corner stone for the differentially high
expression of these effector genes in memory CD8 T cells. Thus, epigenetic changes mediated via histone acetylation may
provide a chromatin “memory” for the rapid and robust transcriptional response of memory CD8 T cells. The Journal of
Immunology, 2008, 180: 8102– 8108.
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a role in the regulation of the effector function of memory CD8
T cells.
In this study, we examined the expression and H3K9Ac of
EOMES, PRF1, and GZMB in human naive and memory CD8 T
cells before and after stimulation. EOMES and PRF1 were expressed at higher levels in memory cells than in naive cells at rest
and after activation while GZMB was expressed at higher levels in
memory cells than in naive cells only after activation. The levels
of H3K9Ac in the EOMES, PRF1, and GZMB loci were higher,
particularly at the transcription start site, in memory cells than in
naive cells. Induced hypoacetylation in these gene loci by a HAT
inhibitor (curcumin) resulted in decreased expressions of EOMES,
PRF1, and GZMB in memory cells in response to in vitro stimulation. These findings suggest that histone acetylation is essential
in determining the level of EOMES, PRF1, and GZMB expressions
in memory CD8 T cells.

Materials and Methods
The Abs and reagents used in this study are as follows: FITC-conjugated
anti-CD45RA mAb was purchased from eBioscience. Tri color-conjugated
anti-CD8 mAb was purchased from Invitrogen. Anti-acetyl-Histone H3
(Lys9) and purified rabbit IgG were purchased from Upstate Biotechnology. Anti-GZMB mAb (2C5/F5) was purchased from BD Biosciences.
Anti-perforin mAb (P1– 8) was purchased from Kamiya Biomedical. AntiZAP70 Ab was a gift from Dr. Ronald Wange (Food and Drug Administration, Rockville, MD). HRP-linked anti-mouse, anti-rabbit, or anti-rat
Abs were purchased from GE Healthcare. Curcumin was purchased from
Sigma-Aldrich.

Isolation and stimulation of naive and memory CD8 T cells
Peripheral blood was obtained from healthy adults by the National Institute
on Aging Pheresis Unit (Institutional Review Board-approved protocol
MRI2003-054). The procedure for isolation and stimulation of naive and
memory CD8 T cells was previously described (26). In brief, PBMC were
isolated by Ficoll (GE Healthcare) gradient centrifugation. Naive and
memory CD8 T cells were then enriched by removing other types of cells
through incubation with a panel of mouse mAbs against human CD4,
CD19, CD11b, CD14, CD16, MHC class II, erythrocytes, platelets, and
CD45RO (for the enrichment of naive cells) or CD45RA (for memory
cells). Ab-bound cells were subsequently removed by incubation with antimouse IgG-conjugated magnetic beads (Qiagen). These enriched naive and
memory CD8 T cells were further purified into CD8⫹CD45RA⫹ naive T
cells and CD8⫹CD45RA⫺ memory T cells by a cell sorter (MoFlo; Dako).
The purity of sorted naive and memory CD8 T cells was over 96%. The
sorted naive and memory CD8 T cells were either used for experiments
right away or incubated with anti-CD3 plus anti-CD28 Ab (antiCD3/CD28) coupled magnetic beads (Invitrogen) at the cell:bead ratio of
1:1 in RPMI 1640 with 10% FBS and penicillin (10 U/ml)/streptomycin
(10 g/ml) (Invitrogen). The stimulated cells were harvested at the specified time for analyses of mRNA, protein, and chromatin immunoprecipitation (ChIP) assay.

Real-time quantitative RT-PCR
The procedure was standard as previously described (21). In brief, total
RNA was extracted from fresh and stimulated naive and memory CD8 T
cells by Stat 60 (Tel-Test). The quantity of total RNA was measured by
NanoDrop (Agilent) and 500 ng of total RNA was used to synthesize
cDNA by reverse transcriptase (SuperScript II; Invitrogen). PCR was conducted in 20 l of total volume with 0.125 M primers using a SYBR
GREEN kit (Applied Biosystems) for 40 cycles on ABI Prism 7500 (Applied Biosystems). The specific amplification of RT-PCR products was
confirmed by agarose (2%) gel electrophoresis. The threshold cycle (Ct) of
genes was normalized with that of ACOX1. Primers of PCR were designed
by using the Primer Express software (Applied Biosystems) and made by
Integrated DNA Technologies. The following are their sequences. EOMES:
forward- 5⬘-AGGCGCAAATAACAACAACACC-3⬘ and reverse- 5⬘-AT
TCAAGTCCTCCACGCCATC-3⬘; PRF1: forward- 5⬘-GTGGAGTGCC
GCTTCTACAGTT-3⬘ and reverse- 5⬘-TGCCGTAGTTGGAGATAAGC
CT-3⬘; GZMB: forward- 5⬘-GGTGGCTTCCTGATACAAGACG-3⬘ and
reverse- 5⬘-GGTCGGCTCCTGTTCTTTGAT-3⬘; GAPDH: forward- 5⬘-GG
AGTCAACGGATTTGGTCGTA-3⬘ and reverse- 5⬘-GCAACAATATCC

ACTTTACCAGAGTTAA-3⬘; ACOX-1: forward- 5⬘-TGCTTTGGTTGA
TGCATTTGA-3⬘ and reverse- 5⬘-CATAGCGGCCAAGCACAGA-3⬘.

Treatment of memory CD8 T cells with curcumin
Curcumin (Sigma-Aldrich), a HAT inhibitor, was dissolved in ethanol at
10 mM. Memory CD8 T cells were cultured in the presence or absence of
20 M curcumin for 2 h, and followed by stimulation with anti-CD3/28
Abs for the specified time. Cells were then harvested for the analyses of
mRNA, protein, and ChIP assay.

ChIP assay
The procedure of ChIP was previously described (21). In brief, cross-linking of chromosomal DNA of naive or memory CD8 T cells were conducted
by incubating with 1% formaldehyde at 37°C for 10 min, quenching by 125
mM glycine, and washing twice with cold PBS containing a mixture of
protease inhibitors (Roche). The treated cells were then lysed in three sequential lysis buffers 1–3 containing protease inhibitors (lysis buffer 1: 50
mM HEPES-KOH (pH 7.5), 140 mM NaCl, 1 mM EDTA, 10% glycerol,
0.5% Nonidet P-40, and 0.25% Triton X-100; lysis buffer 2: 10 mM TrisHCl (pH 8), 200 mM NaCl, 1 mM EDTA, and 0.5 mM EGTA; lysis buffer
3: 10 mM Tris-HCl (pH 8), 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA,
0.1% sodium deoxycholate, and 0.5% N-lauroylsacrosine). The chromosomal DNA was then sheared with sonication (Sonic Dismembrator Model
100; Fisher Scientific), and the average length of sonicated chromosomal
DNA was around 200 bp. A total of 1/10 volume of sonicated lysates was
used for DNA isolation as INPUT while the remaining lysates (9/10 volumes) were used for ChIP with anti-H3K9Ac and control Abs. For the
ChIP, cell lysates were first incubated with protein-A conjugated agarose
(GE Healthcare) and 3 g anti-acetyl-H3K9Ac antiserum (Upstate Biotechnology) or 3 g control rabbit IgG overnight at 4°C, followed by
washing with RIPA buffer (50 mM HEPES-KOH (pH 7.5), 500 mM LiCl,
1 mM EDTA, 1% Nonidet P-40, and 0.7% sodium deoxycholate) and TE
buffer containing 50 mM NaCl sequentially, and then immunoprecipitated
histone complexes were eluted at 65°C for 15 min. DNA was reversecrosslinked by incubating at 65°C for 16 h and RNA and proteins were
removed by treatment of RNaseA and proteinase K sequentially. Immunoprecipitated DNA was purified by phenol/chloroform extraction and ethanol precipitation, and was used for analysis by real-time PCR. The same
PCR reagents, instrument, and verification of the amplification product
were used here as described in above section. The formula for quantitation
of ChIP results is INPUT % ⫽ 1/9 ⫻ 2Ct of INPUT – Ct of ChIP ⫻ 100. The
primer sequences are for EOMES: forward_9- 5⬘-TGAAAAAGGGCAGA
AAGGCG-3⬘ and backward_9 –5⬘-GAAAGCAGGAGGTGGAAACT
AACC-3⬘; forward_10- 5⬘-TCATTACGAAACAGGGCAGGTG-3⬘ and
backward _10- 5⬘-CGGTGTCTACGGAGATTTATTGCG-3⬘; PRF1: forward_9- 5⬘-TGTGTGCCCTGAGTCCCCG-3⬘ and backward_9- 5⬘-TCCT
TTGTGCTCTCCCCTCC-3⬘; forward_10- 5⬘-TGGGAGGGGAGAGCAC
AAAG-3⬘ and backward_10- 5⬘-CACCAGCCACCACTCACATCAC-3⬘;
GZMB: forward_8- 5⬘-CACTTCATAGGCTTGGGTTCCTG-3⬘ and backward_8- 5⬘-CTCTGGGTGCTTGTGTGAGAATC-3⬘; forward_9- 5⬘-AAGA
GAGCAAGGAGGAAACAACAG-3⬘ and backward_9- 5⬘-AATGTGGAGA
AAGGGCAGGAGACC-3⬘;GAPDH:forward-5⬘-GCGTGCCCAGTTGAAC
CAG-3⬘ and backward- 5⬘-TCAGCCAGTCCCAGCCCAAG-3⬘.

Western blot
Cells were washed once in PBS, resuspended in lysis buffer (50 mM TrisHCl (pH 8), 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate,
and 0.1% SDS) with protease inhibitors (Roche), and incubated on ice for
30 min. Lysates were spun for 15 min at 14,000 rpm at 4°C, mixed with
NuPage LDS sample buffer (Invitrogen), and loaded onto a NuPAGE
4 –12% gradient Bis-Tris gel for GZMB or a 7.5% SDS-PAGE gel (nonreducing condition) for PRF1 detection. After electrophoresis, proteins
were transferred to a polyvinylidene difluoride membrane (Immobiolon-P;
Millipore) using an XCell II Blot Module (Novex) in Transfer buffer (25
mM bicine, 25 mM Bis-Tris, 1 mM EDTA, 8% methanol, and 0.0375%
SDS). The membranes were first incubated with a blocking buffer (PBS,
5% BSA, and 0.1% Tween 20) at room temperature for 1 h, and followed
by the incubation with the primary Ab for 1 h at room temperature. AntiGZMB mAb (2C5/F5) was used at a 1/1000 dilution and anti-perforin mAb
(P1-8) at a 1/1000 dilution. The membranes were washed three times in
PBS, 0.1% Tween 20, incubated with a HRP-labeled anti-Ig secondary Ab
at a 1/5000 dilution, washed three times, developed for 1 min in ECL
Western Blotting Detection reagents (GE Healthcare) and exposed between
10 s and 5 min to Hyperfilm (GE Healthcare). The film images were digitized by AlphaImager (Alpha Innotech) and quantified by AlphaEase FC
software (Alpha Innotech).
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FIGURE 2. High levels of H3K9Ac are found in the EOMES locus of
memory CD8 T cells. The relative levels of H3K9Ac in the proximal promoter and the first exon in the EOMES locus in naive and memory CD8 T
cells at rest and after stimulation were presented. Sorted naive and memory
CD8 T cells were stimulated with anti-CD3/CD28 Abs and were used for
ChIP assay. The primer pairs 9 and 10 were used for quantitative real-time
PCR (same conditions used in the Fig. 3), and the data are presented as the
average ratio of the sum of these products at each time point to freshly
isolated naive cells in mean ⫾ SEM (n ⫽ 7).

72

FIGURE 1. EOMES is expressed at higher levels in memory CD8 T
cells than in naive CD8 T cells. A, The levels of EOMES expression in
naive and memory CD8 T cells before and after stimulation in vitro. Sorted
naive and memory CD8 T cells were stimulated with anti-CD3/CD28 Abs
for 0, 4, 8, 16, 32, and 72 h. The level of EOMES expression was determined
by quantitative real-time PCR at each time point. The data are presented as
mean ⫾ SEM (n ⫽ 9). B, The relative expression levels of EOMES in naive
and memory CD8 T cells. The data are presented as the ratio of each time point
to freshly isolated naive cells in mean ⫾ SEM (n ⫽ 9). Values of p are
indicated by asterisks (ⴱ, p ⬍ 0.05; ⴱⴱ, p ⬍ 0.01; ⴱⴱⴱ, p ⬍ 0.001) used in all
figures.

Statistical analysis
Two-tailed Student’s t test was used in analysis of the levels of EOMES,
PRF1, and GZMB mRNA expression and the levels of H3K9Ac in these
gene loci between naive and memory CD8 T cells. The significance was
defined by a value of p ⬍ 0.05.

Results
Memory CD8 T cells express higher levels of EOMES than do
naive CD8 T cells before and after in vitro stimulation
As memory cells exhibit a faster and more robust effector response
than do naive cells and EOMES regulates expression of several key
cytolytic effector molecule genes (4), we compared EOMES expression in human naive and memory CD8 T cells from peripheral
blood of normal donors before and after activation in vitro with
anti-CD3/CD28 Abs. Resting memory CD8 T cells expressed significantly higher levels of EOMES than did resting naive cells
(2.5-fold, p ⬍ 0.01) (Fig. 1A). After activation, EOMES mRNA
level peaked around 4 – 8 h and then gradually decreased in both
naive and memory cells. Although the overall kinetic pattern of
EOMES expression was similar between naive and memory cells,
memory cells consistently expressed higher levels of EOMES
mRNA (from 2.1–3.0-fold) than did naive cells throughout the
course of 72-h stimulation (Fig. 1B). The higher expression of
EOMES in resting and activated memory CD8 T cells provides a
plausible mechanism for their rapid and robust effector response
compared with naive cells.
The EOMES gene locus contains higher levels of H3K9Ac in
memory CD8 T cells than in naive CD8 T cells
To determine the mechanism underlying the differential expression
of EOMES in memory CD8 T cells, we analyzed the levels of

H3K9Ac in the promoter, the coding region, and the 3⬘UTR of the
EOMES gene locus in naive and memory CD8 T cells by ChIP and
quantitative real-time PCR assays. To provide good spatial resolution, we designed nine pairs of primers covering the promoter
(2000 bp of upstream region from the transcription start site), six
pairs of primers in the coding region, and one pair of primers at the
3⬘UTR (data not shown). As high levels of H3K9Ac are found in
the proximal promoter and the first exon, we focused on the quantitative analysis of these regions. Resting memory cells had significantly higher levels of H3K9Ac ( p ⬍ 0.05) than did resting
naive cells (Fig. 2). After in vitro stimulation (at 6, 24, and 72 h),
increase of H3K9Ac levels was observed mainly in memory cells
but did not reach statistical significance (Fig. 2), suggesting that
H3K9Ac levels in the EOMES locus may not be strongly regulated
by activation. Together, the high levels of H3K9Ac in the EOMES
locus are associated with high EOMES expression in resting and
activated memory CD8 T cells.
Reduced histone acetylation (H3K9Ac) levels decrease EOMES
expression in memory CD8 T cells
To further determine the role of H3K9Ac levels in EOMES expression, we pretreated memory CD8 T cells with a HAT inhibitor,
curcumin (20 M), for 2 h before stimulation with anti-CD3/CD28
Abs. A significant decrease of the H3K9Ac levels in the EOMES
locus but not in a control gene (GAPDH) locus was observed in
curcumin-treated memory CD8 T cells after stimulation for 6 h
compared with curcumin-untreated activated memory T cells (Fig.
3A). The H3K9Ac level of the EOMES locus in curcumin-treated
memory CD8 T cells after stimulation was only slightly higher
than in resting naive CD8 T cells (Fig. 3A). Consequently, a significant decrease of EOMES mRNA levels (63% reduction) but not
a control gene GAPDH mRNA levels was observed in curcumintreated activated memory cells compared with curcumin-untreated
activated memory T cells ( p ⬍ 0.001) (Fig. 3B). These results
suggest that the level of H3K9Ac in the EOMES locus may regulate the expression of EOMES.
Memory CD8 T cells express high levels of perforin (PRF1)
and contain high levels of H3K9Ac in the PRF1 locus
Next, we wanted to determine whether the target gene of
EOMES, PRF1, is expressed and regulated in a similar manner
to EOMES in memory CD8 T cells. The mRNA levels of PRF1
were significantly higher in resting memory CD8 T cells than in
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resting naive cells (6.1-fold, p ⬍ 0.05) (Fig. 4A). After activation, mRNA levels were up-regulated consistently higher in
memory cells than naive cells until 72 h after stimulation. Corresponding to the mRNA levels, perforin protein levels were
also higher in memory cells than in naive cells before and after
activation (Fig. 4, B and C). We then examined H3K9Ac levels
and found significant higher levels of H3K9Ac at the PRF1
locus in resting memory CD8 T cells than in resting naive cells
(Fig. 4D). After in vitro stimulation (at 6, 24, and 72 h), increase of H3K9Ac levels was observed mainly in memory cells
but their differences did not reach statistical significance (Fig.
4D). Thus, high levels of H3K9Ac in the PRF1 locus are also
associated with high PRF1 expression in resting and activated
memory CD8 T cells.
Memory CD8 T cells express high levels of GZMB and contain
high levels of H3K9Ac in the GZMB locus
GZMB is another key target of EOMES in regulation of effector
function. We found low levels of GZMB mRNA (Fig. 5A) and
no detectable levels of granzyme B protein (Fig. 5, B and C) in
resting naive or memory CD8 T cells. In vitro stimulation increased the mRNA levels of GZMB in both naive and memory
cells. Activation-induced GZMB expression increased significantly faster and higher in memory cells than in naive cells for

FIGURE 4. High levels of perforin expression are associated with high
levels of H3K9Ac in the PRF1 locus in memory CD8 T cells. A, The
mRNA levels of PRF1 expression in naive and memory CD8 T cells before
and after stimulation. The levels of PRF1 expression are presented as
mean ⫾ SEM (n ⫽ 9). B, The protein levels of perforin in naive and
memory CD8 T cells before and after stimulation. ZAP70 levels were
used as the loading control. C, The quanitified data of B are presented
as mean ⫾ SEM (n ⫽ 3). The intensity of perforin was normalized
based on ZAP70 (same as in Fig. 5). D, The relative levels of H3K9Ac
in the PRF1 locus in naive and memory CD8 T cells before and after
stimulation. The primer pairs 9 and 10 were used for quantitative realtime PCR (same conditions used in the Fig. 6) and the data are presented as the average ratio of the sum of these two products at each time
point to freshly isolated naive cells (n ⫽ 7).

the first 24 –32 h (Fig. 5, A–C). At 72 h after stimulation, naive
cells expressed higher levels of GZMB than did memory cells.
Unlike the differential expression of EOMES and PRF1 in resting memory cells, the differential expression of GZMB in memory cells occurred only after activation. We then examined
H3K9Ac levels and found that the resting memory CD8 T cells
had significant higher levels of H3K9Ac than did resting naive
cells (Fig. 5D). Like the EOMES and PRF1 loci, H3K9Ac levels
increased in the GZMB locus mainly in memory CD8 T cells
after stimulation (Fig. 5D). However, the control of the GZMB
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FIGURE 5. Rapid increase of GZMB expression after stimulation is
associated with high levels of H3K9Ac in the GZMB locus in memory
CD8 T cells. A, The mRNA levels of GZMB expression in naive and
memory CD8 T cells before and after stimulation. The levels of GZMB
expression are presented as mean ⫾ SEM (n ⫽ 9). B, The protein levels
of GZMB expression in naive and memory CD8 T cells before and after
stimulation. C, The quanitified data of B are presented as mean ⫾ SEM
(n ⫽ 4). D, The relative levels of H3K9Ac in the GZMB locus in naive
and memory CD8 T cells at rest and after stimulation. The primer pairs
8 and 9 were used for quantitative real-time PCR (same conditions used
in the Fig. 7) and the data are presented as the average ratio of the sum
of these two products at each time point to freshly isolated naive cells
(n ⫽ 5).

expression differs from that of the EOMES and PRF1 expression in resting memory cells.
Decreasing acetylation (H3K9Ac) in the PRF1 and GZMB loci
in memory CD8 T cells decreases PRF1 and GZMB expression
To determine whether the H3K9Ac levels play an essential role
in activation-induced rapid up-regulation of PRF1 and GZMB in
memory CD8 T cells, we pretreated resting memory CD8 T

0

16
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0

-

16

48

+
Memory

FIGURE 6. Inducing hypoacetylation of H3K9 in the PRF1 locus
results in decreased PRF1 expression in memory CD8 T cells. A, The
relative levels of H3K9Ac in the PRF1 locus in curcumin-treated and
curcumin-untreated memory CD8 T cells after stimulation, and resting
naive CD8 T cells. The data are presented as the average ratio to curcumin-untreated memory CD8 T cells (n ⫽ 4). B, The relative levels of
PRF1 expression of curcumin-untreated and curcumin-treated memory
CD8 T cells, and resting naive CD8 T cells. The levels of PRF1 and
GAPDH expression are presented as the average ratio to curcuminuntreated memory CD8 T cells (n ⫽ 5). C, Perforin protein levels in
curcumin-treated and curcumin-untreated memory CD8 T cells after
stimulation.

cells with curcumin (20 M) for 2 h followed by stimulation
with anti-CD3/CD28 Abs. Like the EOMES gene, H3K9Ac levels in the PRF1 and GZMB loci significantly decreased after
curcumin treatment in memory cells (Fig. 6A and 7A). The levels of H3K9Ac in the PRF1 and GZMB loci in curcumin-treated
memory cells after stimulation were close to the H3K9Ac levels
in resting naive cells. Strikingly, significant decreases of PRF1
and GZMB mRNA and protein were observed in curcumintreated activated memory cells (Fig. 6, B and C, and 7, B and
C). Interestingly, the levels of mRNA of PRF1 and GZMB in curcumin-treated memory cells after activation were comparable with
their levels in resting naive cells while the control gene GAPDH did
not change significantly between curcumin-treated and curcumin untreated memory cells. These findings support the notion that higher
levels of histone acetylation (H3K9Ac) in memory CD8 T cells is
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FIGURE 7. Inducing hypoacetylation of H3K9 in the GZMB locus results
in decreased GZMB expression in memory CD8 T cells. A, The relative levels
of H3K9Ac in the GZMB locus in curcumin-treated and curcumin-untreated
memory CD8 T cells after stimulation, and resting naive CD8 T cells. The data
are presented as the average ratio to curcumin-untreated memory CD8 T cells
(n ⫽ 4). The relative levels of H3K9Ac in the proximal promoter in the
GAPDH locus are also shown. B, The relative levels of GZMB expression of
curcumin-treated and curcumin-untreated memory CD8 T cells after stimulation, and resting naive CD8 T cells. The levels of GZMB and GAPDH expressions are presented as the average ratio to curcumin-untreated memory
CD8 T cells (n ⫽ 5). C, GZMB protein levels in curcumin-treated and curcumin-untreated memory CD8 T cells after stimulation.

responsible for their activation-induced rapid expression of PRF1 and
GZMB and rapid effector function.

Discussion
In this study, we showed that the effector function regulator
(EOMES) and two of its targets (PRF1 and GZMB) are expressed
at a higher level in memory CD8 T cells than in naive CD8 T cells
in the resting stage and/or after activation. Furthermore, the significant higher levels of H3K9Ac were observed in the EOMES,
PRF1, and GZMB loci in memory CD8 T cells compared with
naive CD8 T cells. Although the levels of EOMES and PRF1 expression were correlated with the levels of H3K9Ac in resting
memory CD8 T cells, GZMB expression not in resting memory
CD8 T cells but in activated memory CD8 T cells was correlated
with the level of H3K9Ac in resting memory CD8 T cells. Finally,
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we demonstrated that reduced levels of H3K9Ac in the EOMES,
PRF1, and GZMB loci by a HAT inhibitor (curcumin) resulted in
decreased expression of all three genes in activated memory CD8
T cells. Together, these results indicate that histone acetylation is
tightly correlated with the rapid and robust increase in expression
of effector function genes in memory CD8 T cells.
The analysis of expression of EOMES, PRF1, and GZMB in
naive and memory CD8 T cells before and after activation showed
that memory cells rapidly and greatly increased the levels of
EOMES, PRF1 and GZMB regardless of their initial expression
levels in the first 32 h after activation. Interestingly, EOMES expression peaked at 4 – 8 h and declined at 32 h after stimulation,
slightly ahead of the peak of expression of PRF1 and GZMB. Although the kinetic pattern of PRF1 expression was similar to
EOMES in memory CD8 T cells before and after stimulation with
PRF1 levels slightly behind EOMES, GZMB expression exhibited
a different pattern before and after stimulation. GZMB mRNA
level was similar between naive and memory CD8 T cells at rest
and remained stably high through 72-h stimulation in memory
CD8 T cells. This difference in PRF1 and GZMB expression suggests that the regulation of PRF1 and GZMB expression is different, even though similarly high levels of H3K9Ac are present at
these genes in memory CD8 T cells. It is intriguing that the expression of these two key effector molecules functioning in the
same cytotoxic pathway is regulated differently. Further study will
be needed to determine how PRF1 and GZMB expression are precisely regulated in naive and memory CD8 T cells and the relative
contributions of EOMES and other transcription factors as well as
other histone modifications associated with accessible chromatin
structure.
Although histone acetylation at the cytokine gene loci facilitates
their expression in effector T cells (19, 20), its role in effector
function-related genes in memory T cells has not been reported.
Our analysis showed that the acetylation levels of one specific
residue on histone H3 (H3K9Ac) were higher in resting memory
CD8 T cells than in resting naive CD8 T cells in the EOMES,
PRF1, and GZMB loci, providing a chromatin basis for the high
level of expression of EOMES, PRF1, and GZMB in memory CD8
T cells. Equally interesting is that the levels of H3K9Ac in these
gene loci do not appear to increase dramatically after activation.
Thus, activation-induced changes in gene expression may be mediated by acetylation of other histone residues and/or by different
types of histone modification.
Based on these findings, we propose a transcription and chromatin model for the effector functions of memory CD8 T cells
(Fig. 8). In naive CD8 T cells, the EOMES, PRF1, and GZMB loci
are in a repressed chromatin state as shown by low levels of
H3K9Ac and of their mRNA levels. By contrast, in memory CD8
T cells, these three gene loci are in an active chromatin state as
shown by high levels of H3K9Ac with either high levels of
EOMES and PRF1 mRNA (“primed”) or no increase of GZMB
mRNA (“poised”). Upon activation, both naive and memory CD8
T cells increase expression of EOMES, PRF1 and GZMB. However, the accessible chromatin structure of these gene loci in memory CD8 T cells leads to a much more rapid and vigorous transcriptional response than in naive cells. Thus, the memory CD8 T
cell response at the transcription level is controlled at two stages:
1) differential expression of the key effector regulators such as
EOMES (through regulation of the chromatin structure of the gene
locus and of transcription activators); and 2) differential expression
of the effector targets (PRF1 and GZMB) through two modes.
PRF1 has accessible chromatin at its locus and differential transcription (“primed” status), whereas GZMB has accessible chromatin at its locus without increased expression (“poised” status)
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FIGURE 8. Model for epigenetic regulation of differential gene expression
associated with effector functions of CD8 T cells. In naive CD8 T cells, the
EOMES, PRF1, and GZMB loci contain repressive (“not primed”) chromatin
with low level of H3K9Ac in naive CD8 T cells corresponding to low levels
of mRNA. In memory CD8 T cells, the EOMES, PRF1, and GZMB loci
contain accessible chromatin as shown by the high levels of H3K9Ac corresponding to either high levels of mRNA (EOMES and PRF1) or low levels of
mRNA (GZMB) until activation. Due to the differences of chromatin structure
and transcription activator(s), memory CD8 T cells have a much more rapid
and strong transcription response than do naive cells upon antigenic
stimulation.

until receiving an activation signal. This sequential induction of
these two main effectors allows memory CD8 T cells to deliver a
rapid response and at the same time to prevent these weapons of
destruction from potential off-target killing. These epigenetic
changes provide a chromatin basis for differential expression of
regulators and their targets, which may well be a general mechanism for memory T cell function.
The level of histone acetylation is established and maintained by
the interplay between HATs and HDACs. It is clear that inhibition
of HATs led to decreased levels of H3K9Ac in the EOMES, PRF1,
and GZMB loci resulting in a decrease in their mRNA levels in
memory CD8 T cells. As curcumin inhibits p300/CBP but not
PCAF and p300/CBP is capable of acetylation several lysine residues of histone (13), the relative importance of H3K9Ac and histone acetylating of other residues in the regulation of expression
of these three genes is not known. Nevertheless, our data suggest
that p300/CBP may play a critical role in regulating EOMES,
PRF1, and GZMB expression in memory CD8 T cells. In addition
to histone acetylation, histone methylation, regulated by histone
methyltransferases, histone demethylases, and histone replacement
can also influence chromatin structure. How these different modifications of histone tails are regulated and coordinated remains to
be determined. Further elucidation of the histone modifications and
other epigenetic changes in memory cells will not only shed new
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