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Functional exhaustion of antigen-specific T cells is a 
defining characteristic of many chronic infections, but 
the underlying mechanisms of T cell dysfunction are not 
well understood. Epigenetics plays an important role in 
the control of T cell development, differentiation, and 
function. To examine if epigenetics also plays a role in 
T cell exhaustion, we analyzed chromatin remodeling in 
CD8+ T cells from mice with chronic lymphocytic cho-
riomeningitis virus infection. We observed downregula-
tion of diacetylated histone H3 in both virus-specific and 
total CD8+ T cells, and functional defects not only in 
virus-specific CD8+ T cells but also within the total CD8+ 
T cell population. In vitro treatment of these exhausted 
CD8+ T cells with histone deacetylase inhibitors 
restored diacetylated histone H3 levels, and improved 
their immune functions. Upon adoptive transfer, these 
treated CD8+ T cells developed into functional memory 
T cells in vivo that enhanced protective immunity. These 
results define a role of epigenetics in T cell exhaustion 
and suggest epigenetic manipulation as a novel molecu-
lar therapy to restore immune functions.

Received 4 March 2014; accepted 8 May 2014; advance online  
publication 1 July 2014. doi:10.1038/mt.2014.91

INTRODUCTION
Following viral infections, naїve antigen-specific CD8+ T cells 
become activated, proliferate and differentiate into effector CD8+ 
T cells. These cells are part of an immune response that clears the 
viral infection. After clearance of the primary infection, most of 
the effector CD8+ T cells die by apoptosis, but 5–10% survives and 
differentiates into resting memory CD8+ T cells.1–4 During many 
chronic viral infections where the immune responses fail to clear 
the virus, antigen-specific CD8+ T cells are continuously activated 
and do not develop into resting memory T cells. Instead, they 
eventually become exhausted as a result of prolonged antigenic 
and inflammatory stimulation. The exhausted CD8+ T  cells are 
characterized by poor proliferation, a progressive loss of the abil-
ity to produce cytokines (e.g., interleukin 2 (IL-2), tumor necrosis 
factor-α (TNF-α), and interferon-γ (IFN)-γ), reduced cell-medi-
ated cytotoxicity2 and increased expression of multiple inhibitory 
receptors.5–8 CD8+ T cell exhaustion was first characterized in the 

murine lymphocytic choriomeningitis virus (LCMV) model after 
infection with LCMV clone 13 (Cl-13). This functional impair-
ment phenotype has now been observed in other murine mod-
els, as well as in human chronic viral infections, such as human 
immunodeficiency virus, hepatitis B virus, and hepatitis C virus.7 
The dysfunctional T cell response is a primary reason for the inad-
equate immunological control of these persisting pathogens, yet 
the mechanisms underlying these functional deficiencies are not 
fully understood.

Epigenetics plays a significant role in regulating gene expression 
in many important biological processes.9 Activation or silencing of 
gene expression by epigenetic changes, such as DNA methylation 
and histone acetylation/methylation play a crucial role in T cell 
development, differentiation, and function—including their abil-
ity to produce various cytokines following antigenic stimulation. 
In CD4+ T cells, chromatin remodeling at the Ifng and Il4 loci is 
critically involved in the differentiation into Th1 versus Th2 polar-
ized effectors.10–12 Naїve CD8+ T cells, which produce little IFN-γ 
following brief stimulation, have highly methylated DNA and low 
levels of diacetylated histone H3 (diAcH3) at the Ifng locus relative 
to levels observed in effector and memory CD8+ T cells, which 
rapidly produce high levels of IFN-γ.13,14 Moreover, higher levels 
of histone acetylation are observed at the Ifng locus of functional 
memory CD8+ T cells, compared to dysfunctional memory CD8+ 
T cells that are generated without CD4+ T cell help.13 Thus, epigen-
etic modifications are critical for optimal expression of cytokines 
and other effector functions by effector and memory CD8+ T cells. 
In this study, we examined the role of epigenetics, specifically his-
tone acetylation, in CD8+ T cell exhaustion during chronic LCMV 
infection and tested the potential of epigenetic manipulation as a 
molecular therapy to restore immune functions.

RESULTS
The diAcH3 level decreases progressively in virus-
specific CD8+ T cells, in parallel to their functional 
exhaustion, during chronic viral Infection
To investigate the role of histone acetylation in regulating CD8+ 
T cell functions during chronic viral infection, we used the well-
established model of mice infected with either LCMV Arm, 
which is cleared within 8–10 days of infection, or LCMV Cl-13, 
which results in chronic infection with 2–3 months of viremia 
and long-term viral persistence in tissues. We assessed diAcH3 
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expression by fluorescence-activated cell sorting (FACS) in CD8+ 
T cells specific to the Db/GP33-41 epitope from the LCMV gly-
coprotein, identified by staining with the Db/GP33 tetramer 
(Figure 1a). At day 7 after infection, the diAcH3 level was higher 
in Db/GP33-specific CD8+ T cells from Cl-13-infected mice 
than in those from Arm-infected mice. At day 40 after infection,  
however, Db/GP33-specific CD8+ T cells from Cl-13-infected 
mice had significantly lower levels of diAcH3 compared to those 
from Arm infection (P < 0.01). Similar results were observed in 
IFN-γ+CD8+ T cells following ex vivo stimulation with the GP33-
41 peptide (Figure 1b). At day 7 postinfection, Db/GP33-specific 
CD8+ T cells from Cl-13-infected mice had higher levels of diAcH3 
and produced more IFN-γ+ on a per cell basis (IFN-γ mean fluo-
rescence intensity (MFI) = 6,533), compared to those (IFN-γ MFI 
= 2,104) from Arm-infected mice. At day 40, CD8+ T cells from 
Cl-13-infected mice became functionally defective. Specifically, they 
were unable to produce IFN-γ, TNF-α, and IL-2 after GP33-41 pep-
tide stimulation, and exhibited hallmark features (PD-1hi/CD62Llo/

CD127lo) of exhaustion (Supplementary Figure S1). These defective 
CD8+ T cells had a significantly lower level of diAcH3 compared 
to functional memory CD8+ T cells from Arm-infected mice (P < 
0.01) (Figure 1b). These results show a direct correlation between 
the diAcH3 level and the ability of virus-specific CD8+ T cells to 
produce cytokines in chronically infected mice.

To further define the correlation between the diAcH3 level and 
functionality of virus-specific CD8+ T cells, we performed a kinetic 
analysis of diAcH3 expression in the virus-specific CD8+ cells on 
days 7, 20, 30, and 40 post-Cl-13 and Arm infection (Figure 2a). 
The diAcH3 level of Db/GP33+ cells from Arm-infected mice 
increased slightly as these cells differentiated into functional mem-
ory T cells from days 7 to 40. In Cl-13-infected mice, the diAcH3 
level of Db/GP33-specific CD8+ T cells decreased over time. This 
decrease in diAcH3 was accompanied by a progressive loss of the 
ability to produce IFN-γ, as shown by decreased percentages of Db/
GP33+ cells that made IFN-γ between days 7 and 40 postinfection 
(Figure 2b). This close correlation in kinetics between the diAcH3 

Figure 1 Downregulation of diacetylated histone H3 (diAcH3) in virus-specific CD8+ T cells during chronic Cl-13 infection. B6 mice were 
infected with LCMV Arm or Cl-13 viruses to establish acute or chronic infection. The diAcH3 level on Db/GP33+ or IFN-γ+ CD8+ T cells was analyzed 
in peripheral blood by FACS on day 7 (D7) and day 40 (D40) postinfection. (a) Representative data show the frequency of Db/GP33-specific CD8+ 
T cells (gated on CD8+ T cells). Histograms display diAcH3 staining of Db/GP33-specific CD8+ T cells (Arm: gray filled; Cl-13: black filled), and stain-
ing with preimmune control antibodies (Arm: dashed line; Cl-13: black line). Bar graphs display the corresponding MFI values of diAcH3 expression 
with significant difference (**P < 0.01). (b) The capacity of virus-specific CD8+ T cells to produce IFN-γ was determined by ICS following stimulation 
with GP33-41 peptide. Flow plots are gated on CD8+ T cells and numbers indicate the frequency of IFN-γ+ cells in CD8+ T cells. Histograms show 
diAcH3 staining of Db/GP33-specific CD8+ T cells (Arm: gray filled; Cl-13: black filled), and staining with preimmune control antibodies (Arm: dashed 
line; Cl-13: black line). Bar graphs display the corresponding MFI values of diAcH3 expression (**P < 0.01). Data are representative of more than three 
independent experiments with three to five mice per group. MFI, mean fluorescence intensity.
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level and T cell exhaustion suggests that reduced histone acety-
lation may play a role in impaired functionality of virus-specific 
CD8+ T cells from chronically infected mice.

Most CD8+ T cells in chronically infected mice are 
functionally impaired and have reduced levels of 
diAcH3
Previous studies have shown that exhausted CD8+ T cells from 
chronically infected mice have altered expression of surface recep-
tors and signaling components (such as PD-1) that contribute to 
their functional defects.6,15 In addition to these known mecha-
nisms, our above results suggest that reduced diAcH3 may also 
play a role in contributing to the functional defects. To distinguish 
the contribution of reduced diAcH3 from other mechanisms 
involving surface receptors and signaling components, we asked 
whether the functional defects can be rescued by stimulation with 

phorbol 12-myristate 13-acetate and ionomycin (PMA/I), which 
bypass surface receptors and proximal signaling components by 
directly activating downstream protein kinase C and calcium-
dependent signaling pathways, respectively. In both Arm- and 
Cl-13-infected mice at day 7 postinfection, 40–50% of activated 
CD44hiCD8+ T cells were IFN-γ+ following ex vivo PMA/I stim-
ulation, with no significant difference in MFI between the two 
groups (Figure 3a). By day 40 post-Cl-13 infection, however, 
only a very small percentage (<5%) of CD44hiCD8+ T cells were 
IFN-γ+ with a very low MFI of 547, despite the fact that almost 
all CD8+ T cells had an activated CD44hi phenotype (~89%). In 
contrast, >50% of CD44hiCD8+ T cells from Arm-infected mice 
at day 40 were IFN-γ+, with an MFI of 1,650 (Figure 3b). Thus, 
brief exposure to PMA/I that bypasses surface-proximal signaling 
events is able to induce robust cytokine production from T cells 
responding to an acute infection, but not from T cells responding 
to a chronic infection, suggesting that the latter have defects far 
downstream of TCR signaling.

While functional exhaustion of virus-specific CD8+ T cells 
during chronic infection is well established, it is surprising to 
observe that there was little, if any, IFN-γ production by total 
CD8+ T cells from chronically infected mice following ex vivo 
PMA/I stimulation (Figure 3a). On day 7 after infection, ~90% 
of CD8+ T cells from Arm-infected and ~70% from Cl-13-
infected mice had an activated CD44hi phenotype. A similar 
percentage of CD44hi CD8+ T cells (~55% for Arm and ~60% 
for Cl-13) produced IFN-γ upon PMA/I stimulation. By day 40 
after Arm infection, ~40% of CD8+ T cells were CD44hi and 
~62% of CD44hi CD8+ T cells produced IFN-γ. In contrast, 
few CD44hi CD8+ T  cells from Cl-13-infected mice produced 
IFN-γ despite the fact that ~90% of CD8+ T cells had an acti-
vated CD44hi phenotype (Figure 3b). These results indicated 
that almost all CD8+ T cells became activated and function-
ally impaired at the later stages of the chronic Cl-13 infection. 
Consistent with their functional impairment, the diAcH3 levels 
of CD44hiCD8+ T cells from Cl-13-infected mice were higher 
on day 7 but much lower on day 40, as compared to that of 
CD44hiCD8+ T cells from Arm-infected mice (Figure  3c). To 
further evaluate this finding, we sorted CD44hiCD8+ T cells 
from Arm or Cl-13-infected mice and performed chromatin 
immunoprecipitation (ChIP) to measure the diAcH3 level at 
the Ifng and Il2 loci (Figure 3d). At day 7 after infection, CD8+ 
T cells from Cl-13-infected mice had a higher (four- to fivefold)  
level of diAcH3 at the Ifng locus than those from Arm-infected 
mice, while a similar low level of diAcH3 at theIl2 locus was 
observed in both Arm- and Cl-13-infected mice. At day 40, 
however, CD8+ T cells from Cl-13-infected mice had lower 
levels of AcH3 at both the Ifng locus (10-fold lower) and the 
Il2 locus (four- to fivefold lower). Thus, chronic Cl-13 infection 
results in reduced diAcH3 levels and functional exhaustion, not 
only in virus-specific CD8+ T cells but also within the entire 
CD8+ T cell population.

In vitro treatment with an HDAC inhibitor improves 
the functionality of exhausted CD8+ T cells
We next tested whether functional impairment of exhausted 
CD8+ T cells can be reversed by treatment with valproic 

Figure 2 Close kinetic correlations between impaired function and 
reduced diacetylated histone H3 (diAcH3) level in virus-specific 
CD8+ T during chronic Cl-13 infections. B6 mice were infected with 
Arm or Cl-13 to establish acute or chronic infection. (a) Expression of 
diAcH3 in Db/GP33+ or IFN-γ+ CD8+ T cells was determined by FACS 
at indicated time points after infection. Histograms were gated on Db/
GP33+ or IFN-γ+ CD8+ T cells from blood of Arm (unfilled) or Cl-13 
(black) infection. (b) Each line represents the percentage of IFN-γ+ CD8+ 
T cells (circle), or the MFI of diAcH3 of Db/GP33+CD8+ T cells (triangle) 
relative to day 7, at indicated time points after Cl-13 infection. Data are 
representative of more than three independent experiments with three 
to five mice per group.
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acid (VPA), an inhibitor of histone deacetylase (HDAC) that 
increases the histone acetylation level. Splenocytes from mice 
chronically infected with Cl-13 (>day 40) were treated in vitro 
with graded doses (0.12–4.8 mmol/l) of VPA in the presence of 
anti-CD3/CD28 mAbs for 48 hours, and the effect of VPA treat-
ment on diAcH3 level and cytokine production were assessed 
(Supplementary Figure S2) . The diAcH3 level in CD8+ T cells 
increased with elevated concentrations of VPA, but the high 
concentrations of 2.4 and 4.8 mmol/l became toxic as evident 
by a substantial decrease in cell numbers. Treatment with 0.6, 
1.2, and 2.4 mmol/l VPA resulted in marked increases in IFN-γ 
and TNF-α production. On basis of these data, 1.2 mmol/l VAP 
was chosen as the optimal dose for subsequent experiments, 
since this dose resulted in maximal cytokine production with 
low toxicity.

Treatment of exhausted CD8+ T cells from chronically 
infected mice with 1.2 mmol/l VPA resulted in increased 
diAcH3 levels as detected by FACS (Figure 4a) and elevated 
histone acetylation at the Ifng and Il2 loci as measured by ChIP 

(Figure 4b). After VPA treatment, there was an average seven-
fold increase in the diAcH3 level at both the Ifng promoter and 
Ifng enhancer relative to the level in untreated CD8+ T cells. 
Similarly, the Il2 promoter exhibited a twofold increase in its 
diAcH3 level after VPA treatment. Consistent with an increased 
diAcH3 level being indicative of open chromatin that facili-
tates rapid gene expression, Ifng and Tnfa transcripts increased 
50-fold and fourfold, respectively, in VPA-treated compared to 
the untreated cells as measured by real-time PCR (Figure 4c). 
More CD8+ T cells from the VPA-treated group produced IFN-
γ (Figure 4d) and TNF-α (data not shown) after stimulation 
with GP33-41or PMA/I. Additionally, VPA treatment increased 
the diACH3 level of exhausted T cells from Cl-13 infected to 
levels comparable to that in functional memory T cells from 
Arm-infected mice (Supplementary Figure S3). These results 
show that in vitro treatment with an HDAC inhibitor increases 
histone acetylation levels in exhausted CD8+ T cells from 
chronically infected mice and improves the functionality of 
these exhausted CD8+ T cells.

Figure 3 Impaired function and down-regulation of diacetylated histone H3 (diAcH3) in total CD8+ T cells during Cl-13 infection. B6 mice 
were infected with Arm or Cl-13 viruses and analyzed on day 7 (D7) and day 40 (D40) after infection. (a) IFN-γ production by CD8+ T cells, 
assessed by ex vivo stimulation with PMA/I. The data from an uninfected naïve mouse is shown as a control. Flow plots are gated on CD8+ T cells. 
(b) Bar graphs show % of CD8+ T cells that are CD44hi (left), % of CD44hiCD8+ T cells that are IFN-γ+ (middle), and MFI of IFN-γ staining (right). 
(c) Histograms indicate the diAcH3 expression of total CD8+ T cells and CD44hiCD8+ T cells (Arm: gray filled; Cl-13: black filled), and staining with 
preimmune control antibodies (Arm: dashed line; Cl-13: black line). (d) Bar graphs display the specific enrichment for diAcH3 at the Ifng promoter, 
enhancer and Il2 promoters in CD8+ T cells. Arm: unfilled; Cl-13: filled. **P < 0.01, ***P < 0.001. Data are representative of at least three independent 
experiments with three to five mice per group. PMA/I, phorbol 12-myristate 13-acetate and ionomycin.
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Exhausted CD8+ T cells treated with an HDAC 
inhibitor develop into functional memory T cells 
in vivo
Since VPA treatment increased diAcH3 levels and restored the 
function of exhausted CD8+ T cells in vitro, we asked if the epi-
genetic changes due to VPA treatment could be maintained over 
time and allow for development of functional memory T cells 
in  vivo. Splenocytes from mice chronically infected with Cl-13 
were treated with or without VPA in vitro in the presence of 
anti-CD3/CD28 mAbs for 48 hours, and purified CD8+ T cells 
containing equal numbers of Db/GP33-specific cells were then 
adoptively transferred into congenic Ly5.2 naїve hosts. At day 
4 after cell transfer, similar numbers of donor Db/GP33+ CD8+ 
T cells (Ly5.1+) were detected in the blood of mice that received 
VPA-treated or untreated donor cells, and there was no significant 
difference between the VPA-treated and untreated donor cells in 
their ability to produce IFN-γ (Figure 5a). In the ensuing days 
29 and 37, however, mice that received VPA-treated cells had 
more Ly5.1+ donor Db/GP33+ CD8+ T cells than the group that 

received untreated donor cells. Furthermore, more IFN-γ+ T cells 
were detected in VPA-treated than untreated donor CD8+ T cells 
in response to PMA/I stimulation (Figure 5b). No obvious signs 
of autoimmunity were observed in mice receiving VPA-treated 
splenocytes. Thus, in vitro VPA treatment of exhausted CD8+ 
T cells had a positive impact on the ability of these cells to sur-
vive in the adoptive host and to produce effector cytokines upon 
restimulation.

The above results suggest that in vitro VPA treatment of 
exhausted CD8+ T cells may have allowed them to differenti-
ate into long-term, functional memory T cells in adoptive hosts. 
To further test this possibility, we examined the in vivo recall 
response and the ability of these cells to provide protective immu-
nity. Exhausted CD8+ T cells were treated with or without VPA 
in vitro and transferred into adoptive hosts as above. More than 
40 days after adoptive transfer, we challenged these mice with 
recombinant L. monocytogenes expressing the GP33-41 epit-
ope (rLmGP33), and assessed their recall responses and protective 
immunity (Figure 5c). On day 10 after rLmGP33 challenge, mice 

Figure 4 Improved functions of exhausted CD8+ T cells after in vitro VPA treatment. Splenocytes from Cl-13-infected mice (day 40 p.i.) were 
cultured in vitro with anti-CD3 and anti-CD28 mAbs in the absence or presence of VPA (1.2 mmol/l) for 48 hours, then washed and rested in medium 
overnight. The diacetylated histone H3 (diAcH3) level and cytokine expression were measured: (a) the diAcH3 level in CD8+ T cells by FACS; (b) 
specific enrichment of diAcH3 at the Ifng promoter, enhancer and Il2 promoters of CD8+ T cells by ChIP; (c) mRNA level of Ifng and Tnfa by RT-PCR 
analysis of CD8+ T cells after stimulation with PMA/I; (d) IFN-γ production by FACS (gated on CD8+) after stimulation with GP33-41 peptide or 
PMA/I. The data shown are representative of more than three separate experiments (*P < 0.05, **P < 0.01, ***P < 0.001). CFU, colony-forming units; 
PMA/I, phorbol 12-myristate 13-acetate and ionomycin; VPA, valproic acid.
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receiving either VPA-treated cells or untreated cells had a compa-
rable response from host (Ly5.1−) CD8+ T cells. However, the VPA-
treated donor (Ly5.1+) cells had a significantly greater number of 
Db/GP33+ CD8+ T cells producing more cytokines compared with 
the untreated donor cells. The stronger recall response from VPA-
treated donor cells provided better protection against rLmGP33. 
On day 3 after rLmGP33 challenge, there were ~100-fold fewer 
bacteria in the spleen and liver of mice that received VPA-treated 
donor cells than in mice that received untreated donor cells. These 
results indicate that exhausted CD8+ T cells treated with VPA 

can survive and differentiate into long-term, functional memory 
T cells that are capable of mounting an enhanced recall response 
and providing better protective immunity.

In summary, our results have shown that (i) in vitro VPA 
treatment rescued the functionality of exhausted CD8+ T cells, 
(ii) these rescued cells are capable of long-term survival in adop-
tive hosts, and (iii) maintain their improved functionality for an 
extended period of time, and (iv) differentiate into functional 
memory T cells that are capable of mounting an enhanced recall 
response and providing better protective immunity.

Figure 5 Exhausted CD8+ T cells treated with VPA develop into functional memory T cells in vivo. Exhausted CD8+ T cells (Ly5.1), after in 
vitro treatment with or without VPA as in Figure 4, were adoptively transferred into congenic Ly5.2 mice. At days 4, 29 and 37 after cell transfer, 
(a) Db/GP33-specific CD8+ T cells were examined, and (b) IFN-γ production was measured after stimulation with PMA/I. (c) At day 40 after cell 
transfer, mice were infected with rLmGP33. Donor Ly5.1+ CD8+ T cell response were examined on day 10 after rLmGP33 infection: percentage 
and absolute number (mean ± SD) of Db/GP33+ CD8+ T cells (top), of IFN-γ+ CD8+ T cells after stimulation with the GP33-41 peptide (middle) 
or PMA/I (bottom). Bacterial numbers in spleen and liver were enumerated at day 3 after rLmGP33 infection. Data are representative of three 
independent experiments with five mice per group. *P < 0.05, ** P < 0.01, ***P < 0.001. PMA/I, phorbol 12-myristate 13-acetate and ionomycin; 
VPA, valproic acid.
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DISCUSSION
CD8+ T cell exhaustion is a common feature of many chronic 
viral infections in both animal models and human diseases.2,7,16 
Considerable effort has been focused on elucidating the mecha-
nisms of T cell exhaustion during chronic viral infections. Multiple 
regulatory factors and pathways have been implicated, including 
inhibitory receptors (PD-1, LAG-3, Tim-3, CTLA-4, 2B4, and 
CD160), transcription factors (T-bet and Blimp-1), cytokines 
(IL-10, IL-21, TGF-β, RANTES, and IFN), Treg and CD4+ helper 
T cells.6,17–25 The function of exhausted CD8+ T cells can be par-
tially restored by blocking many of the inhibitory pathways.21,26–33 
However, exhausted CD8+ T cells are unable to revert and dif-
ferentiate into functional memory T cells even when removed 
from the chronic infection environment,34 indicating imprints of 
functional defects within exhausted CD8+ T cells. In this study, 
we found that progressive loss of CD8+ T cell functions during 
chronic viral infection was associated with a decreased diAcH3 
level, and in vitro treatment of exhausted CD8+ T cells with an 
HDAC inhibitor restored the diAcH3 level and improved their 
functionality. Furthermore, treatment of exhausted CD8+ T cells 
with an HDAC inhibitor allowed them to persist long term and 
develop into functional memory cells in adoptive hosts. Together, 
these results suggest that exhaustion is regulated by various sig-
nals and controlled by multiple pathways. It remains to be deter-
mined what role each signal plays at different stages of infection, 
and how these pathways interact with each other to cause func-
tional exhaustion. Understanding these interactions may allow 
us to develop optimal therapies that combine epigenetic manipu-
lations with blockage of external inhibitory signals. To this end, 
we are currently testing the possibility of treating chronic virus 
infection by immunotherapy using VPA-treated exhausted T cells, 
alone or in combination with blockage of inhibitory signals such 
as PD-1 and/or IL-10.

Our results showed that function of exhausted CD8+ T cells 
could not be rescued by stimulation with PMA/I, which bypasses 
surface receptors and proximal signaling components by directly 
activating downstream protein kinase C and calcium-dependent 
signaling pathways, respectively. Thus, functions of exhausted 
CD8+ T cells are not only regulated by external signals but also 
controlled by internal mechanisms. Youngblood et al have shown 
that the Pdcd1 regulatory regions remain demethylated, allow-
ing rapid expression of the PD-1 inhibitory receptor in exhausted 
CD8+ T cells.35 In this study, our results show that the inability to 
produce IFNγ and IL-2 by exhausted CD8+ T cells is correlated 
with a low level of diAcH3 in the regulatory regions of the Ifng 
and Il2 loci. Treatment with an HDAC inhibitors elevated diAcH3 
levels and restored the ability of exhausted T cells to produce cyto-
kines such as IFNγ and IL-2 cytokines. Thus, different epigenetic 
modifications likely play an important role in controlling func-
tions of exhausted CD8+ T cells, with DNA demethylation and 
histone acetylation involved in regulating expression of inhibitory 
receptors (such as PD-1) and effector cytokines (such as IFN-γ 
and IL-2), respectively.

Our results showed that the diACH3 level of effector CD8 T 
cells on day 7 is higher in Cl-13 than Arm-infected mice, consis-
tent with more IFN-γ produced per cell by effector CD8 T cells 
from Cl-13 than Arm-infected mice on day 7 (Figure 1b). This 

initial higher level of diACH3 may reflect a heightened activation 
status due to more stimulation from higher viral load in Cl-13 
than Arm infection. While over-stimulation is known to contrib-
ute to functional exhaustion, it is not known if the initial higher 
level of diACH3 may play a role in the eventual decline of diACH3 
level and exhaustion. Levels of histone acetylation are regulated 
by the combined effects of multiple histone acetylases and HDAC 
enzymes. Histone acetylation at specific gene loci is controlled by 
not only the level of histone acetylase/HDAC expression and their 
enzymatic activity, but also recruitment and formation of active 
complexes at specific loci. Our data show that exhausted CD8+ 
T cells have decreased levels of histone acetylation globally and at 
specific loci encoding effector cytokines, which can be reversed 
by blocking HDAC enzymatic activity. These results suggest that 
elevated HDAC expression and/or enzymatic activity might be a 
consequence of the chronic infection environment. Additionally, 
recruitment of HDAC to specific loci may be regulated during 
chronic infection. We are currently studying expression and regu-
lation of different HDAC enzymes in T cells and determining if 
dysregulation of their expression and recruitment plays a role in 
T cell exhaustion.

Functional exhaustion of virus-specific CD8+ T cells during 
chronic infection is well documented. Exhausted CD8 T cells 
present a paradox of having an activated CD44hi phenotype, yet 
being defective in cytokine production. They are also defective 
in proliferative responses following antigenic stimulation and in 
homeostatic proliferation.36,37 In addition to activated effector 
T  cells, resting memory T cells are CD44hi and they are more 
capable of rapid cytokine production in response to stimula-
tion. We were surprised to find that ~90% of CD8+ T cells were 
CD44hi in chronically infected mice yet they all failed to produce 
cytokines in response to PMA/I stimulation. These results sug-
gest that chronic viral infections cause functional exhaustion of 
not only virus-specific CD8+ T cells but also bystander memory 
T cells with specificity to other pathogens. Indeed, ovalbumin-
specific memory CD8+ T cells became functionally defective in 
mice chronically infected with LCMV Cl-13 . These results are 
consistent with findings that not only persistent antigenic stimu-
lation, but also chronic inflammation, contributes to functional 
exhaustion.16,38,39 Furthermore, our results show that the CD8+ T 
cell population as a whole had reduced levels of diAcH3 in chron-
ically infected mice, and that their functions can be restored by 
in vitro treatment with an HDAC inhibitor. These results sug-
gest a potential mechanism for why chronically infected hosts 
become susceptible not only to opportunistic infections but also 
to pathogens that are otherwise protected against by immuno-
logical memory induced by vaccines or prior infections. Further 
studies are needed to test if epigenetic manipulations can repair 
not only virus-specific T cell function in chronic infection but 
also the host’s general immunity and immunological memory 
to other pathogens. An analogous approach could be used to 
rescue exhausted tumor-reactive T cells that could be then rein-
troduced into cancer patients. Furthermore, systemic delivery 
of HDAC inhibitors in vivo may improve immune control of 
chronic viral infection and tumors, while having the added ben-
efit of boosting overall immune function by repairing the host’s 
immunological memory to other pathogens.
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MATERIALS AND METHODS
Mice and infections. Female (8–10 weeks) C57BL/6 mice were purchased 
from National Cancer Institute (Bethesda, MD) and maintained under 
specific pathogen-free conditions at the animal facilities of the University 
of Pennsylvania. All animal experiments were performed in accordance 
with Institutional Animal Care and Use Committee-approved protocols 
at the University Of Pennsylvania School Of Medicine Animal Facility 
(Philadelphia, PA). LCMV strains were propagated, titered, and used as 
previously described.37 For virus infection, mice were infected with 2 × 105 
plaque-forming units of LCMV Arm intraperitoneally or 2 × 105 plaque-
forming units of LCMV Cl-13 intravenously.

In vitro activation and VPA treatment. A total of 2 × 106 cells per well 
were incubated in media containing RPMI 1640 + 15% fetal bovine serum 
+ 100 U/ml Penicillin + 100 ug/ml Streptomycin + 2 mmol/l l-glutamine + 
50 μmol/l β-mercaptoethanol. Splenocytes harvested from B6 mice at day 
~40 after chronic LCMV Cl-13 infection were activated with precoated anti-
CD3 (clone 145-2C11; 1.0 µg/ml) and anti-CD28 (clone 37.51; 0.5 µg/ml)  
antibodies in the presence of varied dose of VPA (0, 0.12, 0.6, 1.2, 2.4, 
and 4.8 mmol/l, Cayman Chemical Company, Ann Arbor, MI) for 48 
hours. The cells were then washed and incubated in medium without VPA 
overnight.

Flow cytometry and tetramer staining. MHC class I tetramer of H-2Db 
complexed with LCMV GP33-41 (Db/GP33) was produced as described.40 
Biotinylated complexes were tetramerized using phycoerythrin or 
allophycocyanin-conjugated streptavidin (Invitrogen, Carlsbad, CA). 
Lymphocytes from spleen or blood of LCMV-infected mice were stained 
as follows. For surface staining, single-cell suspensions (1–3 × 106 cells) 
were stained with CD antigen-specific antibodies in RPMI 1640 contain-
ing 1% fetal bovine serum (FACS buffer) for 30 minutes at 4 °C, followed 
with two washes in FACS buffer. Antibodies specific for CD antigens were 
purchased from eBioscience (San Diego, CA). Cells were acquired using 
a FACS Canto flow cytometer (BD Biosciences, San Jose, CA). Data were 
analyzed with FlowJo software (FlowJo, Philadelphia, PA).

Intracellular cytokine staining. Single-cell suspensions were stimulated 
ex vivo either with the GP33-41 (0.2 µg/ml) peptide or PMA (50 ng/ml; 
Sigma-Aldrich, St Louis, MO) and ionomycin (1 μg/ml; Sigma-Aldrich) for 
5 hours at 37 °C in the presence of BD GolgiStop (BD Biosciences). LCMV 
GP33-41 encodes an immunodominant epitope that is presented by H-2Db 
and H-2Kb. Both H-2Db and H-2Kb restricted T cells are stimulated by 
GP33-41 peptide in this assay.41 Following the staining of the surface anti-
gens as described above, cells were stained for intracellular cytokines using 
the BD cytofix/cytoperm kit (BD Pharmingen, San Jose, CA) according to 
the manufacturer’s instructions. Antibodies used for intracellular cytokine 
detection were anti-IFN-γ (clone XMG1.2), anti-IL-2 (clone JES6-5H4), 
and anti-TNF-α (clone MP6-XT22) were purchased from eBioscience.

Flow cytometric analysis for histone modification. Flow cytometric anal-
ysis for histone modification was performed using intracellular staining 
kit (Cytofix/Cytoperm, BD Biosciences) as previously described.42 In brief, 
cells were incubated with a rabbit polyclonal antibody specific for diacety-
lated histone H3 (K9K14; #06-599; Millipore, Billerica, MA) at 10 µg/ml, 
or pre-immune rabbit serum as control. The cells were then washed and 
incubated with goat antirabbit-antibody (BD Biosciences). FACS Canto 
flow cytometer (BD Biosciences) was used to acquire the cells. Data were 
analyzed with FlowJo software.

Real-time PCR. Total RNA was isolated from magnetic-activated cell 
sorting (Miltenyi Biotech, San Diego, CA) purified CD8+ T cells using 
Trizol (Invitrogen), reverse transcription of cDNA was prepared with 
the SuperScript First Strand kit (Invitrogen) using random hexamer 
priming. Real-time PCR was performed with primers as described in 

Supplementary Table S1. SYBR green detection of amplification was per-
formed using the StepOne Plus cycler (Applied Biosystems, Grand Island, 
NY). Transcript expression values were generated with the comparative 
threshold cycle (Delta CT) method by normalizing to the expression of 
the β-actin gene.

Chromatin immunoprecipitation. ChIP with an antiacetyl histone-
H3 antibody was performed using an AcH3 ChIP assay kit (Upstate 
Biotechnology, Lake Placid, NY), as described previously, and the quan-
tity of DNA was purified and assayed by real-time PCR13 (primers shown 
in Supplementary Table S1). Specific enrichment is calculated using the 
cycle threshold (Ct): 2(Ct of control ChIP − Ct of control Input)/2(Ct of AcH3 ChIP − Ct of AcH3 Input). 
Each ChIP analysis was performed three times with chromatin from inde-
pendently purified CD8+ T cells.

Adoptive transfer and infection. In vitro VPA-treated exhausted CD8+ 
T  cells were harvested and transferred i.v. into congenic wild-type B6 
(Ly5.2) recipient mice (2 × 106 cells per mouse) followed infection i.v. with 
5 × 104 colony-forming units of rLmGP33.

Statistical analyses. Statistical analysis was assessed by the unpaired, two-
tailed Student’s t-test (GraphPad, San Diego, CA), and statistical signifi-
cance was defined as follows: *P < 0.05, **P < 0.01, and ***P < 0.001.

SUPPLEMENTARY MATERIAL
Figure  S1.  Phenotypes of exhausted CD8

+
 T cells during chronic 

LCMV infection.
Figure  S2.  Dose-dependent effect of in vitro VPA treatment on 
exhausted CD8

+
 T cells.

Figure  S3.  VPA treatment increased the diACH3 level of exhausted 
T cells to levels comparable to that in functional memory T cells.
Table  S1.  PCR primers used for experiments.
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