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Hdac3 is an epigenetic inhibitor of the cytotoxicity

program in CD8 T cells

Rong En Tay*?®, Olamide Olawoyin®?, Paloma Cejas®, Yingtian Xie3, Clifford A. Meyer?, Yoshinaga Ito>?®, Qing Yu Weng®, David E. Fisher,
Henry W. Long?, Myles Brown*¢, Hye-Jung Kim'?, and Kai W. Wucherpfennig"?@®

Cytotoxic T cells play a key role in adaptive immunity by killing infected or cancerous cells. While the transcriptional control of
CD8 T cell differentiation and effector function following T cell activation has been extensively studied, little is known about
epigenetic regulation of these processes. Here we show that the histone deacetylase HDAC3 inhibits CD8 T cell cytotoxicity
early during activation and is required for persistence of activated CD8 T cells following resolution of an acute infection.
Mechanistically, HDAC3 inhibits gene programs associated with cytotoxicity and effector differentiation of CD8 T cells including
genes encoding essential cytotoxicity proteins and key transcription factors. These data identify HDAC3 as an epigenetic

regulator of the CD8 T cell cytotoxicity program.

Introduction

Following an infection, naive CD8 T cells become activated and
develop into effector cytotoxic T lymphocytes that mediate im-
munity by contact-dependent killing of infected cells and se-
cretion of effector cytokines including IFN-y and TNF-a. At the
peak of the CD8 T cell effector response to infection, CD8 T cells
have already committed to one of at least two cell fates, a short-
lived, terminally differentiated state with potent effector func-
tion (Joshi et al., 2007; Sarkar et al., 2008) or a memory
precursor state with higher proliferative potential (Kaech et al.,
2003; Schluns et al., 2000). Following antigen clearance, the
majority of terminally differentiated effector T cells undergo
apoptosis, whereas memory precursor cells differentiate into
memory T cells that can mount a robust and rapid response upon
reinfection.

The transcriptional regulation of these developmental pro-
cesses has been extensively studied. Key transcription factors
have been identified that regulate effector and memory differ-
entiation, including T-bet (Tbx2I gene), Eomes (Eomes), Blimp-1
(Prdmi), Bcl-6 (Bcl6), 1d2 (Id2), and 1d3 (Id3; reviewed in Chang
et al., 2014; Kaech and Cui, 2012). T-bet and Eomes cooperate in
several key aspects of CD8 T cell function, including effector and
memory programs (Intlekofer et al., 2005). The T-bet to Eomes
ratio is highest in effector cells and lowest in memory cells, con-
sistent with an important role for T-bet in effector differentiation

(Intlekofer et al., 2007; Joshi et al, 2007) and for Eomes in
memory CD8 T cell differentiation (Banerjee et al, 2010;
Intlekofer et al., 2005). Blimp-1 is part of a transcriptional pro-
gram that favors differentiation of terminal effector T cells (Kallies
et al., 2009; Rutishauser et al., 2009; Shin et al., 2013), while Bcl-6
acts as an antagonist of Blimp-1 that promotes memory T cell
differentiation (Cui et al., 2011; Ichii et al., 2002, 2004). 1d2 favors
survival of effector T cells while Id3 is required for the generation
of long-lived memory CD8 T cells (Cannarile et al., 2006; Ji et al.,
2011; Yang et al., 2011). These studies have been indispensable to
our current understanding of CD8 T cell effector and memory
differentiation as a process governed by key transcriptional fac-
tors that form a complex regulatory network (Best et al., 2013).
However, much less is known about the epigenetic regulation
of CD8 T cell effector and memory differentiation (recently re-
viewed in Henning et al., 2018). The majority of investigations
have focused on profiling global patterns of epigenetic mod-
ifications or chromatin accessibility in relationship to effector
and memory differentiation (Gray et al., 2017; Philip et al., 2017;
Russ et al., 2014), whereas other studies have taken a classical
reverse genetics approach of characterizing the phenotype of
mice deficient for a known epigenetic regulator (Gray et al.,
2017; Pace et al., 2018). Two recent studies using combinations
of these approaches have uncovered novel roles for the histone
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methyltransferases EZH2 (Gray et al., 2017; a key component of
the polycomb repressive complex) and SUV39H1 (Pace et al.,
2018) in regulating CD8 T cell function and differentiation.
Here, we used a complementary approach to uncover and
characterize novel epigenetic regulators of CD8 T cell effector
function by screening small molecule inhibitors covering di-
verse epigenetic regulatory pathways (recently reviewed in
Bennett and Licht, 2018) in order to perturb CD8 T cell function.

Results

HDAG3 is a negative regulator of CD8 T cell cytotoxicity

We identified histone deacetylase 3 (HDAC3) as a potential
regulator of CD8 T cell cytotoxicity in a functional screen of a
library of 100 small molecules targeting epigenetic regulators.
We tested these inhibitors by coculturing OVA-specific OT-I*
CD8 T cells (OT-I T cells) with irradiated OVA peptide-pulsed
bone marrow-derived dendritic cells (BMDCs) for 7 d in the
presence of drugs, and used high-throughput flow cytometry to
measure perturbations of markers of CD8 T cell effector function
including Granzyme B, IFN-y, and CD25. The drugs were then
ranked based on their ability to modulate these readouts of CD8
T cell effector function (Fig. S1 A and Table S1). The top hit from
this screen was the HDAC3-specific inhibitor RGFP966 (Xu et al.,
2009), which induced a substantial increase in the cytotoxicity-
associated functional markers Granzyme B and CD107a (LAMP-
1), the effector cytokine IFN-y, and the activation-associated
surface receptors CD25 (IL-2Ra) and CD127 (IL-7Rq; Fig. S1 A).
In subsequent validation experiments, we confirmed that acti-
vating CD8 T cells in the presence of RGFP966 resulted in a dose-
dependent increase in the percentage of T cells expressing
Granzyme B, IFN-y, and TNF-a (Fig. S1B). Based on the reported
high specificity of RGFP966 in inhibiting HDAC3 relative to
other class I HDACs (HDACI, 2, and 8), we selected HDAC3 for
further investigation.

The data from drug screen supported the hypothesis that
inactivation of HDAC3 may enhance the cytotoxic function of
CD8 T cells. Indeed, we found that RGFP966-treated OT-I T cells
exhibited substantially higher cytotoxic activity against OVA-
expressing B16F10 melanoma target cells (B16-OVA) relative to
vehicle-treated OT-I T cells (Fig. 1 A). To validate HDAC3 as a
regulator of CD8 T cell cytotoxicity, we inactivated the Hdac3
gene in OT-I T cells isolated from Cas9 transgenic mice with a
lentiviral guide RNA (gRNA) expression vector (Fig. S1C). Hdac3
gRNA-transduced CD8 T cells showed increased cytotoxicity
against B16-OVA target cells compared with CD8 T cells trans-
duced with a control LacZ gRNA (Fig. S1 D). In addition, a larger
percentage of Hdac3-inactivated CD8 T cells expressed Gran-
zyme B and the effector phenotype-associated transcription
factor T-bet (Lazarevic et al, 2013) compared with control
gRNA-transduced CD8 T cells (Fig. S1 E, left panels); addition of
RGFP966 to Hdac3 gRNA-transduced cells did not further in-
crease the percentage of Granzyme B* or T-bet* cells. Addi-
tionally, inactivation of Hdac3 in CD8 T cells did not result in
substantial changes in effector cytokine expression as was ob-
served in RGFP966-treated CD8 T cells, except for a small in-
crease in IFN-y expression (Fig. S1 E, right panels).
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To investigate the potential role of HDAC3 in regulating CD8
T cell cytotoxicity and effector function in vivo, we generated
TCR polyclonal and OT-I TCR transgenic mice with CD8 T cell-
restricted deletion of Hdac3. Because HDAC3 is essential for
T cell development in the thymus (Hsu et al., 2015; Philips et al.,
2016; Stengel et al., 2015), Hdac3 deletion was restricted to ma-
ture CD8 T cells by crossing a E8I-Cre transgenic strain to mice
with a floxed allele of Hdac3 to generate E8I-Cre*; Hdac3®/ mice
(hereafter referred to as Hdac3-KO mice). ESI-Cre* mice express
Cre recombinase under the control of a regulatory element of
Cd8a that is active during the late CD8 single-positive (SP) stage
and in mature CD8 T cells (Ellmeier et al., 1997). We did not
observe significant changes in thymic development for TCR
polyclonal Hdac3-KO compared with Hdac3-WT mice (Fig. S2,
A-D), except for a small decrease in the relative frequencies of
CD4* CD8* double-positive (DP) and CD44" CD25'° CD4~ CD8~
double-negative (DN1) cells, and a small increase in CD4* SP
(CD4 SP) thymocytes in Hdac3-KO mice relative to Hdac3-WT
littermates (Fig. S2, B-D). Importantly, the numbers of total
and CD8 SP thymocytes were similar between Hdac3-KO and
Hdac3-WT mice (Fig. S2 B), as were the frequencies of mature
CD5* cells within the CD8 SP thymocyte populations from both
genotypes (Fig. S2, C and D, rightmost panels).

We further confirmed that Hdac3 was inactivated only in
mature CD8 but not CD4 T cells of Hdac3-KO mice, both in TCR
polyclonal and OT-I TCR transgenic strains, by performing PCR
analysis of genomic DNA and Western blot analysis of whole
lysates from sorted cell populations (Fig. S3, A and B). The extent
of Hdac3 KO in TCR polyclonal mice was highest in CD62L*
CD44~ naive CD8 T cells, followed by CD62L* CD44* central
memory phenotype cells (Tcy) and CD62L- CD44* effector/ef-
fector memory phenotype cells (Tegyen; Fig. S3, C and D). The
major peripheral T cell compartments were intact in Hdac3-KO
mice, albeit with moderately reduced total CD8 T cell numbers
relative to Hdac3-WT littermates (Fig. S3 E). CD8 T cells from
Hdac3-KO mice showed a small decrease in the percentage of
CD44M CD62L* (Tcwm) and a small increase in the percentage
CD44M CD62L" (Ter/Tem) phenotypes compared with Hdac3-WT
mice, while the percentage of CD44'° CD62L* naive cells was
unchanged (Fig. S3 F). Finally, while CD8 T cells from Hdac3-KO
and Hdac3-WT mice were not significantly different in terms of
Granzyme B or T-bet expression (Fig. S3 G), a smaller percent-
age of Hdac3-KO T cells produced IFN-y or TNF-a in response to
ex vivo stimulation with PMA and ionomycin (Fig. S3 H).
Overall, these results indicated that Hdac3-KO mice indeed
possessed a relatively intact peripheral T cell compartment with
CD8 T cell-restricted inactivation of Hdac3.

Hdac3-KO OT-I T cells were more cytotoxic against B16-OVA
melanoma target cells than their Hdac3-WT counterparts fol-
lowing in vitro activation (Fig. 1 B), consistent with our previous
results using gRNA-edited CD8 T cells. We further validated this
phenotype in an in vivo model of T cell-mediated cytotoxicity.
We first transferred naive OT-I T cells from Hdac3-KO mice or
Hdac3-WT littermates into C57BL/6 hosts and immunized re-
cipient mice with a low dose of OVA + polyinosinic:polycytidylic
acid (poly[I:C]). 3 d later, we transferred differentially labeled
OVA peptide- and control peptide-pulsed splenocyte targets and
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Figure 1. HDAC3 negatively regulates CD8 T cell cytotoxicity. (A and B) Cytotoxicity of in vitro activated RGFP966-treated (A) and Hdac3-KO (B) OT-I
T cells against OVA-expressing B16 melanoma targets (B16-OVA). Data are representative of two independent experiments, each with four technical replicates
per condition. (C) In vivo cytotoxicity of adoptively transferred Hdac3-KO and Hdac3-WT OT-I T cells against OVA peptide-pulsed target cells. Data are
representative of two independent experiments with seven host mice for each genotype of transferred donor OT-I T cells. (D) Experimental scheme of OVA
immunization (Imm.) experiments following OT-I transfer. 5 x 10° cells of a 1:1 mix of congenically distinct Hdac3-KO (E8I-Cre*; Hdac3"Vf) and Hdac3-WT OT-I
T cells were transferred into CD45.1* TCR-polyclonal recipients. Alternatively, 5 x 10° cells of a 1:1 mix of congenically distinct Hdac3-iKO (UBC-Cre-ERT2*;
Hdac3"") and Hdac3-WT OT-I T cells were transferred, and 2 mg of tamoxifen (Tam.) was administered daily for 3 d to induce Cre-mediated inactivation of
Hdac3. Mice were immunized subcutaneously with OVA + poly(1:C) in PBS. (E and F) Flow-cytometric analysis (E) and quantification (F) of markers of effector
phenotype of Hdac3-WT and Hdac3-KO OT-I T cells in inguinal LNs draining the immunization site harvested 4 d after immunization as in D. Data are rep-
resentative of two independent experiments with five recipient mice each. Data from cotransferred donor cells of each genotype within the same recipient
mouse were analyzed as pairs. (G and H) Flow-cytometric analysis (G) and quantification (H) of markers of effector phenotype of Hdac3-WT and Hdac3-iKO
(Hdac3-inducible knockout) OT-IT cells in inguinal LNs draining the immunization site harvested 4 d after immunization as in D. Data are representative of two
independent experiments with five recipient mice each. Data from cotransferred donor cells of each genotype within the same recipient mouse were analyzed
as pairs. Means + SD are indicated (A-C). P values were calculated by two-way ANOVA (A and B), two-tailed Student’s t test (C), or two-tailed ratio-paired
t test (F and H). *, P < 0.05, **, P < 0.01, ***, P < 0.001, ****, P < 0.0001.
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measured depletion of both populations in the spleen after 9 h.
We found that Hdac3-KO OT-I T cells killed a larger number of
OVA peptide-pulsed than control target cells on a per cell basis
(Fig. 1 C). Overall, our results using three separate approaches to
ablate HDAC3 activity in CD8 T cells demonstrated that HDAC3
inhibits CD8 T cell cytotoxicity.

To evaluate cell-intrinsic changes in CD8 T cell effector
function caused by loss of HDAC3 in an in vivo setting, we co-
transferred congenically distinct Hdac3-KO and Hdac3-WT naive
OT-I T cells into TCR-polyclonal hosts, immunized recipient
mice with OVA + poly(I:C), and evaluated the effector pheno-
types of transferred OT-I T cells on day 4 in draining LNs
(Fig. 1 D). In agreement with our previous observations, an in-
creased percentage of Hdac3-KO CD8 T cells expressed Gran-
zyme B and T-bet compared with cotransferred Hdac3-WT cells
(Fig. 1, E and F). We also observed that a reduced percentage of
Hdac3-KO compared with cotransferred Hdac3-WT CD8 T cells
produced IFN-y or TNF-a following ex vivo restimulation with
OVA peptide (Fig. 1, E and F). Finally, to verify that these phe-
notypes were specific to a loss of Hdac3 during CD8 T cell acti-
vation and not due to changes in CD8 T cell development, we
repeated the cotransfer and OVA immunization experiments
using OT-I T cells derived from Hdac3"? mice bearing a
tamoxifen-inducible Cre transgene (Hdac3-iKO mice) and in-
activated Hdac3 by administration of tamoxifen beginning 3 d
before activation. Hdac3-iKO OT-I T cells with Hdac3 inactivated
just before activation showed an increased frequency of Gran-
zyme B* and T-bet* cells, with decreased percentages of IFN-y-
and TNF-a-secreting cells, relative to cotransferred Hdac3-WT
OT-1 T cells (Fig. 1, G and H), recapitulating our observations
with Hdac3-KO OT-IT cells.

HDAG3 is required for persistence of CD8 T cells following
antigen stimulation

We next investigated whether loss of HDAC3 altered the dy-
namics of the CD8 T cell response by tracking the relative fre-
quencies of cotransferred Hdac3-KO and Hdac3-WT OT-I CD8
T cells over a time course following OVA + poly(l:C) immuni-
zation (Fig. 2 A). In this setting, we found that Hdac3-KO OT-I
CD8 T cells did not persist in peripheral blood or draining LNs
compared with cotransferred Hdac3-WT cells following con-
traction of the OT-I response (Fig. 2, B and C). Furthermore,
Hdac3-KO OT-I T cells failed to expand following rechallenge
with OVA + poly(L:C) (Fig. 2, B and C); we also observed this
failure to expand following OVA + poly(I:C) rechallenge in ex-
periments where we cotransferred Hdac3-iKO and Hdac3-WT
OT-I T cells and inactivated Hdac3 by tamoxifen injection be-
fore immunization (Fig. 2 D). In addition, Granzyme B and T-bet
expression in activated OT-I T cells declined between days 4 and
7, such that there was only a small increase in the percentage of
Granzyme B* Hdac3-KO relative to Hdac3-WT cells and no sig-
nificant differences in the proportions of T-bet* cells by day 7
after immunization (Fig. 2 E).

We therefore explored potential explanations for the failure
of Hdac3-KO T cells to persist. Both Hdac3-KO and Hdac3-WT OT-I
T cells showed similar kinetics of proliferation as assessed by
CFSE dilution at 48 and 96 h following adoptive transfer and
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immunization of recipient hosts (Fig. S4, A-C). Moreover, naive
Hdac3-KO OT-I T cells were able to proliferate and accumulate to
the same extent as Hdac3-WT cells following transfer to lym-
phopenic Ragl~/~ hosts (Fig. S4, D-F); such homeostatic expan-
sion is thought to be cytokine dependent. Because it did not
appear that there was a general defect in survival fitness or
proliferation, at least within the first 96 h, we evaluated whether
an increase in activation-induced apoptosis or LN egress might
be responsible for the reduced persistence of Hdac3-KO CD8
T cells following activation. Following cotransfer of Hdac3-KO
and Hdac3-WT OT-I T cells and OVA immunization, we treated
recipient host mice with Ac-DEVD-CHO (an inhibitor of apo-
ptosis) and/or the sphingosine 1-phosphate receptor (SIPR) ag-
onist FTY720 (to block LN egress; Fig. S4 G). Inhibition of LN
egress or activation-induced apoptosis did not rescue the failure
of Hdac3-KO CD8 T cells to accumulate in draining LNs (Fig. S4,
H-)).

We next examined the persistence of Hdac3-KO CD8 T cells in
an acute viral infection model, specifically the Armstrong strain
of lymphocytic choriomeningitis virus engineered to express the
SIINFEKL epitope recognized by OT-I T cells (LCMV-OVA).
Congenically marked Hdac3-iKO and Hdac3-WT OT-I T cells
were transferred to WT recipients that were subsequently
challenged with 2 x 10° PFU LCMV-OVA. Hdac3 inactivation was
induced by tamoxifen injection either before infection or on day
7 (Fig. 2 F and Fig. S5 A), when the virus is typically cleared
(Wherry et al., 2003). The frequency of donor Hdac3-iKO and
Hdac3-WT OT-I CD8 T cells was tracked over time to examine
expansion and persistence. Both Hdac3-iKO and Hdac3-WT OT-I
T cells expanded following viral infection, but Hdac3-iKO cells
failed to persist in the experimental group receiving tamoxifen
before infection (Fig. 2 G and Fig. S5, B and C). Such a failure of
Hdac3-iKO T cell persistence was only observed when Hdac3 was
inactivated before viral infection, but not when tamoxifen was
administered on day 7 following infection (Fig. 2 G and Fig. S5, B
and C). We also observed a reduction in the number of Hdac3-
iKO OT-I CD8 T cells relative to cotransferred Hdac3-WT OT-I
cells across three major organ reservoirs of LCMV infection on
day 8 following infection when Hdac3 was deleted before in-
fection (Fig. 2 H). Consistent with data from the immunization
model, a higher percentage of Hdac3-iKO OT-I CD8 T cells was
Granzyme B* compared with cotransferred Hdac3-WT T cells,
and the percentages of IFN-y* and TNF-a* cells after ex vivo
restimulation with OVA peptide were reduced (Fig. 2 I). These
data support the conclusion that HDAC3 is required for CD8
T cell persistence following resolution of an acute infection.

HDACG3 inhibits the CD8 T cell cytotoxic response early

during activation

We hypothesized that HDAC3 functioned early during CD8 T cell
activation to regulate acquisition of CD8 T cell effector function.
We therefore investigated the kinetics of acquisition of CD8
effector functions in Hdac3-KO and Hdac3-WT CD8 T cells by
transferring CFSE-labeled OT-I T cells into WT recipients fol-
lowed by immunization with OVA + poly(I:C). Within 48 h after
activation, a larger percentage of Hdac3-KO CD8 T cells ex-
pressed Granzyme B and T-bet compared with Hdac3-WT CD8
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Figure 2. HDAC3 is required during T cell activation for persistence of the CD8 T cell response. (A) Experimental scheme for longitudinal tracking of OT-I
T cell persistence following transfer and OVA immunization. 5 x 10° cells of a 1:1 mix of congenically distinct Hdac3-KO and Hdac3-WT OT-I T cells were
transferred into CD45.1* TCR-polyclonal recipients. Alternatively, 5 x 10 cells of a 1:1 mix of congenically distinct Hdac3-iKO and Hdac3-WT OT-I T cells were
transferred, and 2 mg of tamoxifen was administered daily for 3 d to induce Cre-mediated inactivation of Hdac3. Mice were immunized subcutaneously with
OVA + poly(1:C) in PBS. A secondary boost of OVA + poly(1:C) was administered on day 14. (B and C) Dynamics of Hdac3-KO and Hdac3-WT OT-I T cell responses
were tracked longitudinally in peripheral blood (B) and inguinal LNs (C) draining the immunization site following immunization as described in A. Data are
representative of two independent experiments with four or five recipient mice each. (D) Dynamics of Hdac3-iKO and Hdac3-WT OT-I T cell responses were
tracked longitudinally in peripheral blood following immunization as in A. Data are representative of two independent experiments with five recipient mice
each. (E) Quantification of flow-cytometric analysis of Granzyme B* and T-bet* OT-I T cells on days 4 and 7 following transfer and immunization as in A. Data
are representative of two independent experiments with five recipient mice each. (F) Experimental scheme for longitudinal tracking of OT-I T cell persistence
following transfer in an acute viral infection model. 5 x 10° cells of a 1:1 mix of congenically distinct Hdac3-iKO and Hdac3-WT OT-I T cells were transferred into
CD45.1* TCR-polyclonal recipients. Mice were then infected intraperitoneally with 2 x 10> PFU of LCMV Armstrong expressing the OVA SIINFEKL epitope
(LCMV-OVA), and Hdac3 deletion was induced at the indicated time points by intraperitoneal injection of tamoxifen on 3 consecutive days. (G) Donor OT-|
responses in peripheral blood were monitored longitudinally for the indicated treatment groups (Group 1, n = 4; Group 2, n = 4; No deletion, n = 3) after
treatment as in F. Data are representative of two independent experiments with three to five recipient mice per treatment group. (H and 1) Analysis of total
numbers (H) and markers of effector phenotype (1) of cotransferred Hdac3-iKO (Hdac3-inducible knockout) and Hdac3-WT OT-I T cells by flow cytometry 8 d
after infection with LCMV-OVA. Data are representative of two independent experiments with five recipient mice each, treated as in F. Data from cotransferred
donor cells of each genotype within the same recipient mouse were analyzed as pairs. Means + SEM (B-D), means = SD (E), or means (G) are indicated. P values
were calculated by two-way ANOVA (B-E and G) or two-tailed ratio-paired t test (H and I). Error bars for G were omitted for clarity of presentation; statistical
analysis for this experiment was also performed on the ratios of transferred Hdac3-KO to Hdac3-WT OT-I T cells and is shown in Fig. S5B. *, P < 0.05, **, P <
0.01, ***, P < 0.001, ****, P < 0.0001; ns, not significant.

T cells (Fig. 3, A and B), with a significant increase observed
even following one cell division following activation. There was
no significant difference in the percentage of IFN-y or TNF-
a-producing cells at this time point (Fig. 3, C and D). The in-
creased frequencies of Granzyme B* and T-bet* cells persisted at
96 h after activation (Fig. 3, E and F); a reduced percentage of
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IFN-y* or TNF-a* cells was only observed by the sixth cell di-
vision (Fig. 3, G and H). These data suggest that HDAC3 inhibits
the cytotoxicity program at an early time point following
activation.

We next investigated how inactivation of the Hdac3 gene
affects CD8 T cell responses in a model of chronic viral infection,
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Figure 3. HDAC3 inhibits the cytotoxic response early during CD8 T cell priming. 5 x 10> CFSE-labeled CD45.2* OT-I T cells from Hdac3-KO mice or Hdac3-
WT littermates were transferred into CD45.1* TCR polyclonal recipients. Mice were immunized with OVA + poly(l:C) in PBS. Inguinal LNs draining the im-
munization site were collected for flow-cytometric analysis. (A-D) Kinetics of acquisition for markers of CD8 T cell effector function in OT-I T cells 48 h after
immunization. Flow cytometry plots are representative of two independent experiments with five recipient mice per genotype of donor OT-I T cells trans-
ferred. (E-H) Kinetics for acquisition of markers of CD8 T cell effector function in OT-IT cells 96 h after immunization. Flow cytometry plots are representative
of two independent experiments with five recipient mice per genotype of donor OT-I T cells transferred. Means + SD are indicated (A-H). P values were

calculated by two-way ANOVA. *, P < 0.05, **, P < 0.01, ****, P < 0.0001.

both at early and late stages of the T cell response. We infected
Hdac3-KO (E8I-Cre*; Hdac3%/f) and Hdac3-WT littermates with
2 x 10° PFU LCMV Clone 13 to induce chronic infection, and
monitored disease progression and CD8 T cell effector pheno-
types in infected mice. Hdac3-KO mice showed a moderate delay
in disease progression as indicated by delayed weight loss and
reduced viremia on day 7, during the establishment stage of
chronic viral infection (Zajac et al., 1998), but not at later time
points (Fig. 4, A and B). This delay in early disease progression
on day 8 was observed despite lower numbers of total and
DP-GP33 tetramer* virus-specific CD8 T cells in Hdac3-KO mice
compared with Hdac3-WT littermates (Fig. 4 C, left and center
panels); in contrast, CD4 T cell numbers were similar between
both groups except for a small increase in kidneys of Hdac3-KO
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mice (Fig. 4 C, right panel). At the late stage of chronic viral
infection (day 39), numbers of total and virus-specific CD8
T cells were generally lower in Hdac3-KO than Hdac3-WT lit-
termates (Fig. 4 D, left and center panels), although these dif-
ferences were less pronounced than those observed on day 8.
CD4* T cell numbers were slightly increased in the spleens and
kidneys of Hdac3-KO mice compared with Hdac3-WT mice
(Fig. 4 D, right panel).

We also observed a larger percentage of Granzyme B* CD8
T cells in the spleens and kidneys of Hdac3-KO mice on day 8
(Fig. 4 E, left panel), even though the total numbers of Granzyme
B* cells were lower due to reduced total CD8 T cell numbers
(Fig. 4 E, right panel). Importantly, a larger percentage of CD8
T cells were Granzyme B* in the spleens and inguinal LNs of
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Figure 4. Analysis of Hdac3-deficient CD8 T cells in a model of chronic viral infection. TCR-polyclonal Hdac3-KO mice and Hdac3-WT littermates were
infected with 2 x 10 PFU LCMV Clone 13 by intravenous injection. (A and B) Weight change (A) and viral load in sera (B) of infected Hdac3-KO (n = 8) and
Hdac3-WT (n = 6) mice. Data are representative of two independent experiments with six to eight mice of each genotype. (C and D) Analysis of T cell numbers
on day 8 (C) and day 39 (D) in indicated organs as measured by flow cytometry. (E and F) Analysis of the Granzyme B response in CD8 T cells in indicated
organs on day 8 (E) and day 39 (F) as measured by flow cytometry, showing both percentage (left) and number (right) of Granzyme B* CD8 T cells. Data are
pooled from two independent experiments (C and E) or from one experiment (D and F), each with four mice per genotype except for kidney data marked f,
which is from one experiment with four mice per genotype. Means + SEM (A) or means + SD are indicated (B-F). P values were calculated by two-way ANOVA
(A and B) or two-tailed Student’s t test (C-H). *, P < 0.05, **, P < 0.01, ***, P < 0.001, **** P < 0.0001.

Hdac3-KO compared with Hdac3-WT mice even on day 39 fol-
lowing infection (Fig. 4 F, left panel), even though the total
numbers of Granzyme B* cells were not significantly increased
in Hdac3-KO relative to Hdac3-WT mice (Fig. 4 F, right panel). In
contrast, the percentage of IFN-y* and TNF-a* CD8 T cells was
either unchanged (in spleen and kidneys) or lower (in liver) in
Hdac3-KO mice compared with Hdac3-WT mice at both the early
(day 8) and late (day 39) time points (Fig. S5, D and E).

Transcriptional and epigenetic signatures of HDAC3

To uncover potential molecular mechanisms of HDAC3-
mediated regulation of CD8 T cell cytotoxic function, we ex-
amined global transcriptional differences between Hdac3-KO
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and Hdac3-WT OT-I T cells that had been activated for 5 d by
co-culture with irradiated OVA peptide-pulsed BMDCs (Fig. 5 A
and Table S2). Key genes of the cytotoxicity program (Gzma,
Gzmb, Gzme, Gzmd, Gzme, Prfl) were more highly expressed in
Hdac3-KO compared with Hdac3-WT CD8 T cells, consistent with
the in vivo data. In addition, genes encoding transcription fac-
tors that promote CD8 T cell effector function and/or terminal
effector differentiation (Thx21, Id2, Prdmi) were also more highly
transcribed in Hdac3-KO than Hdac3-WT CD8 T cells. Finally,
transcripts of a subset of chemokine receptor genes (Ccr5, Ccr2)
and pro-inflammatory chemokine/cytokine genes (Lta, Ccl5,
Ccl4, Ccl3, Tnf) were more highly expressed by Hdac3-KO com-
pared with Hdac3-WT cells.
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We performed a similar RNA sequencing (RNA-seq) analysis
for OT-IT cells activated in the presence of the HDAC3 inhibitor
RGFP966 or a solvent control (Fig. 5 B and Table S3). We iden-
tified 20 genes that were differentially expressed in both Hdac3-
KO and HDACS3 inhibitor-treated CD8 T cells (Fig. 5 C). Within
this common set of 20 genes, we identified genes belonging to
the four functional categories described above: cytotoxicity
(Gzmb, Gzmc, Prfl) and transcription factors associated with CD8
T cell effector differentiation (Prdmi, Id2), as well as pro-
inflammatory chemokines (Ccl5) and chemokine receptors
(Cer5, Ccr2). Overall, these RNA-seq data indicate that HDAC3
negatively regulates gene programs associated with CD8 T cell
cytotoxic effector function, including direct mediators of cyto-
toxicity (Gzmb, Gzmc, Prfl) and transcription factor genes that
promote an effector phenotype in CD8 T cells (Prdmli, Id2).

We next examined the impact of Hdac3 gene inactivation on
histone acetylation in CD8 T cells, specifically histone 3 lysine 27
acetylation (H3K27ac), an epigenetic modification associated
with transcriptionally active genes (Zhang et al., 2015). H3K27ac
chromatin immunoprecipitation sequencing (ChIP-seq) analysis
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177 differentially-expressed genes

(KO/WT)
Slc7a5 0.665
S100a4 0.646
Prdm1 0.629
ltgax 0.612
Ttc39¢ 0.605
Dusp2 0.566
1d2 0.522
1ft80 -0.545
Pixnc1 -0.787
Bst1 -0.796

was performed on Hdac3-KO and Hdac3-WT OT-I T cells acti-
vated in vitro by co-culture with irradiated OVA peptide-pulsed
BMDCs. Relative differences in peak intensities were calculated
for each genomic locus with unique significant peaks present in
both Hdac3-KO and Hdac3-WT samples. Consistent with the role
of HDACS3 as an HDAG, activated Hdac3-KO CD8 T cells showed a
median 3.1-fold increase in global H3K27ac levels relative to
Hdac3-WT cells. Genes encoding transcription factors that reg-
ulate T cell activation and differentiation (Bach2, Nfkbl, Ikzfl, Tox,
Prdmi, Ezh2, Runx3, Jun, Lefl, Bcl6), regulators of T cell receptor
signaling (Cblb, Fyn), and surface signaling receptors (Tgfbrl,
Icos, IlOra, Il2ra, IlI2rb2) were represented within the top 1% of
gene loci-containing peaks with increased H3K27ac signal (21
peaks; Fig. 6 A and Table S4). Furthermore, we observed an
increase in H3K27ac signal (greater than the median of 3.1x) at
the loci of genes that encoded cytotoxic mediators (Gzma, Gzmb,
Prfl), transcription factors known to polarize CD8 T cell effector
differentiation (Prdmi, Tbx21, Id2), and the cytokines Tnf and Lta
in Hdac3-KO cells compared with Hdac3-WT cells (Fig. 6, B and
C). H3K27ac levels at the loci of the effector cytokine genes Ifng
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Figure 6. HDAC3 deacetylates H3K27ac epigenetic marks at gene loci associated with cytotoxic effector function in activated CD8 T cells. (A-C)
Hdac3-KO and Hdac3-WT OT-I T cells were co-cultured with irradiated OVA peptide-pulsed BMDCs in vitro for 3 d and sorted to purity. Total chromatin was
prepared from fixed cell pellets for immunoprecipitation with antibodies specific to H3K27ac for ChIP-seq analysis. (A) Top 1% of differentially acetylated gene
loci in activated Hdac3-KO CD8 T cells with at least 21 differentially acetylated H3K27ac peaks per locus. Genes with described regulatory roles in T cell
activation, effector function, or differentiation are highlighted in red and labeled. The number of differentially acetylated H3K27ac peaks mapping to each
highlighted gene is indicated in parentheses. (B) H3K27ac ChIP-seq tracks of H3K27ac showing representative genes encoding cytotoxicity genes (top row) or
transcription factors polarizing toward an effector phenotype in CD8 T cells (bottom row). Relative increases in H3K27ac signal in Hdac3-KO relative to Hdac3-
WT cells for each genomic locus shown are indicated. (C) H3K27ac ChIP-seq tracks of H3K27ac showing representative genes encoding CD8 effector cytokines
(top row) or transcription factors polarizing toward a memory phenotype in CD8 T cells (bottom row). Relative increases in H3K27ac signal in Hdac3-KO relative
to Hdac3-WT cells for each genomic locus shown are indicated. (D and E) OT-I T cells were co-cultured with irradiated OVA peptide-pulsed BMDCs in vitro for
indicated times and sorted to purity. Total chromatin was prepared from fixed cell pellets for immunoprecipitation with antibodies specific to H3K27ac for
ChIP-gPCR analysis. Data are representative of two independent experiments each with three or four technical replicates per qPCR reaction. (D) Comparison of
H3K27ac at promoters of indicated genes in Hdac3-KO and Hdac3-WT CD8 T cells activated for 3 d in vitro. (E) Comparison of H3K27ac at promoters of
indicated genes in RGFP966- and vehicle-treated CD8 T cells activated for 5 d in vitro. (F) H3K27ac ChIP-seq tracks of H3K27ac showing representative genes
encoding cytotoxicity genes (top row) or transcription factors polarizing toward an effector phenotype in CD8 T cells (bottom row) in naive Hdac3-KO and
Hdac3-WT CD8 T cells. Relative increase in H3K27ac signal in Hdac3-KO relative to Hdac3-WT cells is indicated for each genomic locus. (G) Transcription factor
binding motifs enriched in genomic regions with increased H3K27ac in activated Hdac3-KO CD8 T cells as in A-C. Genomic regions containing H3K27ac peaks
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with increased signal in Hdac3-KO T cells relative to Hdac3-WT cells were analyzed for mammalian (Homo sapiens and Mus musculus) transcription factor binding
motifs using the HOMER motif analysis algorithm (Heinz et al., 2010). Means + SD are indicated (D and E). P values were calculated by two-tailed Student’s
t test (D and E). *, P < 0.05, **, P < 0.0, ***, P < 0.001. Statistical analysis for H3K27ac ChIP-seq data are described in the Materials and methods section.

H3K27ac ChIP-seq data are available through GEO accession no. GSE143644.

and II12 were not increased beyond the global median increase of
3.1 (Fig. 6 C). Similar findings were made for the genetic loci of
the transcription factors Bcl6, Eomes, and Id3 (Fig. 6 C), whose
transcript levels were not increased in Hdac3-KO cells.

We validated these findings by performing ChIP-quantitative
PCR (ChIP-qPCR) to measure H3K27ac at the promoter regions
of cytotoxicity, effector transcription factor, and cytokine genes
using in vitro activated Hdac3-KO and Hdac3-WT CD8 T cells.
Consistent with the ChIP-seq results, higher levels of H3K27ac
were observed at promoters of cytotoxicity genes (Gzma, Gzmb)
in Hdac3-KO compared with Hdac3-WT cells (Fig. 6 D, left panel).
We also observed increased H3K27ac at the Prdml promoter, and
at the promoters of the cytokine genes Tnf and Lta (Fig. 6 D,
center and right panels). Increased H3K27ac was also observed
at the promoters of Gzmb, Prdml, Tnf, and Lta in RGFP966-
treated activated CD8 T cells relative to vehicle control-treated
cells (Fig. 6 E). In addition, higher levels of H3K27ac were ob-
served at the Ifng and Id2 promoters in activated RGFP966-
treated CD8 T cells (Fig. 6 E). We further performed ChIP-seq
on freshly isolated naive Hdac3-KO and Hdac3-WT OT-I T cells to
verify that the increase in H3K27ac was only observed following
activation. We did not observe a substantial increase in H3K27ac
signal between naive Hdac3-KO and Hdac3-WT cells at the loci of
cytotoxicity genes (Gzma, Gzmb, Prfl) or at genes coding for
transcription factors known to polarize CD8 T cells toward ef-
fector differentiation (Prdmi, Tbx21, Id2; Fig. 6 F).

Finally, to uncover how HDAC3-mediated deacetylation of
H3K27ac epigenetic marks may interact with other regulatory
pathways of CD8 T cell effector function and differentiation, we
analyzed the set of genomic loci containing peaks with increased
H3K27ac signal in Hdac3-KO relative to Hdac3-WT samples for
enrichment of transcription factor-binding motif sequences
using the Hypergeometric Optimization of Motif EnRichment
(HOMER) motif analysis algorithm (Heinz et al., 2010). The
binding motif of the transcription factor GA-binding protein a
chain (GABPA) was the most significantly enriched in the dif-
ferentially acetylated regions (Fig. 6 G). GABPA is an erythro-
blast transformation specific (ETS)-family transcription factor
that is coredundant with ETS1 and may colocalize with Runt-
related (RUNX) family transcription factors at promoter regions.
Our analysis also highlighted a RUNX1 binding motif that had been
identified via ChIP-seq in Jurkat cells (Sanda et al., 2012; Fig. 6 G).

Inactivation of Prdm1 increases the frequency of T-bet*
Hdac3-KO CD8 T cells

In view of the known role of Blimp-1 (encoded by Prdmi) in
driving terminal effector differentiation of activated CD8 T cells
(Kallies et al., 2009; Rutishauser et al., 2009), we hypothesized
that an increase in Blimp-1 activity (as suggested by our RNA-
seq and ChIP-gPCR data) might contribute to the increased
frequency of Granzyme B* and T-bet* Hdac3-KO cells, or
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potentially to the reduced persistence of activated Hdac3-KO
CD8 T cells. To test these possibilities, we generated Prdml-
Hdac3-double KO OT-I T cells by transducing Cas9* Hdac3-KO
OT-IT cells with lentiviral gRNA expression constructs target-
ing Prdml. Prdml inactivation was confirmed by Western blot
analysis of Blimp-1 (Fig. 7 A). Hdac3-KO or Hdac3-WT OT-I T cells
transduced with either Prdml or control (LacZ) gRNAs were
transferred into congenic hosts that were then immunized with
OVA + poly(L:C) (Fig. 7 B). We found that inactivation of Prdml in
Hdac3-KO CD8 T cells showed a trend toward improved persis-
tence compared with Hdac3-WT CD8 T cells, but this effect did
not reach statistical significance in all experiments (pooled data
shown in Fig. 7 C). Interestingly, activated Prdmi-Hdac3-double
KO CD8 T cells had a higher proportion of T-bet* cells compared
with Hdac3-KO CD8 T cells (Fig. 7 D), but did not show differ-
ences in the percentage of Granzyme B*, IFN-y*, or TNF-a* cells
(Fig. 7, E-G). These data indicate that Prdml reduces the fre-
quency of T-bet* Hdac3-KO CD8 T cells, and may also contribute
to the reduced persistence of Hdac3-KO cells following activation.

Runx3 is required for the augmented cytotoxic phenotype of
Hdac3-KO T cells

We next assessed whether the transcription factors Runx3 and
T-bet (encoded by Tbx2I) were required for the augmented cy-
totoxic phenotype of activated Hdac3-KO CD8 T cells, because
both transcription factors were previously shown to be required
for cytotoxic function of CD8 T cells (Cruz-Guilloty et al., 2009).
We generated Runx3-Hdac3-double KO and Thx21-Hdac3-double
KO CD8 T cells using the approach described above for Prdmi
(Fig. 8, A and B). Inactivation of Runx3 but not Tbx2I abrogated
the enhanced cytotoxic function of Hdac3-KO CD8 T cells (Fig. 8,
C and D). ChIP-seq analysis of in vitro activated OT-1 T cells also
revealed an increase in Runx3 binding at regulatory elements
near the cytotoxicity genes Gzmb and Prfl in Hdac3-KO CD8
T cells relative to Hdac3-WT cells (Fig. 8 E).

We therefore investigated the functional phenotype of Runx3-
Hdac3-double KO CD8 T cells by transfer of edited OT-I T cells
followed by immunization with OVA. Inactivation of Runx3 in
Hdac3-KO CD8 T cells resulted in a substantial reduction in the
percentage of Granzyme B* CD8 T cells and also reduced the
percentage of T-bet* cells (Fig. 8, F and G). Runx3 inactivation
also reduced the percentage of IFN-y* CD8 T cells both in Hdac3-
KO and Hdac3-WT cells (Fig. 8, H and I). Overall, these data
indicate that Runx3 plays an important role in the augmented
cytotoxic phenotype of Hdac3-KO CD8 T cells.

Discussion

HDACS3 has been shown to be required for proper development
of the T cell compartment (Hsu et al., 2015; Stengel et al., 2015).
In particular, during the thymic maturation of T cell precursors,
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Figure 7. Inactivation of Prdm1 increases the frequency of T-bet* Hdac3-KO CD8 T cells. (A) Validation of lentiviral gRNA vectors targeting Prdm1 in Cas9*
OT-1 T cells. Whole cell lysates from 2 x 10> magnetically purified transduced T cells were loaded per lane for immunoblot analysis. LZ, LacZ-targeting gRNA
vector (negative control). Molecular weights (kD) are indicated on immunoblot images. The red arrow indicates the gRNA used in subsequent experiments.
(B) Experimental scheme for phenotype analysis of Prdmi-Hdac3-double KO CD8 T cells following in vivo activation. Hdac3-KO and Hdac3-WT Cas9* OT-I T cells
were transduced with lentiviral vectors expressing Prdm1 or LacZ targeting gRNA sequences, magnetically purified based on Thy1.1 expression, and adoptively
transferred into Thy1.2* C57BL/6 recipients. Mice were immunized subcutaneously with OVA and poly(l:C) in PBS. (C) Persistence of Prdmi-Hdac3-double KO
CD8 T cells on day 7 after in vivo activation as in B, measured in terms of percentage of transferred OT-I T cells within the total CD8 T cell population (left)
and total numbers of OT-I T cells (right) in LNs draining the immunization site. Data are pooled from two independent experiments with five mice per group.
(D-G) Flow-cytometric analysis of T-bet (D), Granzyme B (E), and effector cytokine (F) expression in transferred OT-I T cells in inguinal LNs 7 d after OVA
immunization as in B. Quantification of flow-cytometric data are shown in G. Data are representative of two independent experiments with five mice per group.
Means + SD are indicated (C and G). P values were calculated by two-way ANOVA (C and G). *, P < 0.05, **, P < 0.01, ***, P < 0.001, ****, P < 0.0001.

HDAC3 is required at the CD4* CD8* DP stage for down-
regulation of RORyt (Philips et al., 2016) and for maintaining
the potential of DP thymocytes to mature into either the CD4 or
CD8 T cell lineages by deacetylating CD8-lineage associated gene
loci (Philips et al., 2019). However, the role of HDAC3 in pe-
ripheral conventional T cells has not been described, partly
because previous attempts at generating conditional-KO mice
resulted in partial or total loss of T cells in the periphery (Hsu
et al., 2015; Philips et al., 2016; Stengel et al., 2015).
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Here we describe a novel role for HDAC3 in regulating the
effector phenotype of CD8 T cells after activation. Our data
demonstrate that HDAC3 inhibits the development of a short-
lived, highly cytotoxic state in CD8 T cells. Loss of HDAC3 ac-
tivity during activation resulted in a gain-of-function phenotype
with increased CD8 T cell cytotoxicity, in contrast to the loss-of-
function phenotypes described in recent studies of other epi-
genetic regulators in CD8 T cells (Gray et al., 2017; Pace et al.,
2018). Inactivation of the Hdac3 gene or inhibition of the enzyme
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Figure 8. Runx3 but not Thx21 is required for the augmented cytotoxic phenotype of Hdac3-KO T cells. (A and B) Validation of lentiviral gRNA vectors
targeting Runx3 (A) and Tbx21 (B) in Cas9* OT-I T cells. Whole cell lysates from 2 x 105 magnetically purified transduced T cells were loaded per lane for
immunoblot analysis. A LacZ-targeting gRNA vector was used as a negative control for Runx3 or Tbx21 editing. Molecular weights (kD) are indicated on im-
munoblot images. Where multiple bands are present, a black arrow indicates a band of the correct molecular weight. (C and D) Comparison of in vitro cy-
totoxicity of Hdac3-KO and Runx3-Hdac3-double KO (C) or Hdac3-KO and Thx21-Hdac3-double KO (D) CD8 T cells. Hdac3-KO Cas9* OT-I T cells were transduced
with indicated gRNA sequences, activated in vitro with irradiated OVA peptide-pulsed BMDCs, and evaluated for cytotoxicity against B16-OVA targets. Data
are from one experiment each, with four replicates per condition. (E) Runx3 ChiP-seq tracks of genes coding for representative cytotoxic mediators for in vitro
activated OT-1 T cells. Hdac3-KO and Hdac3-WT OT-I T cells were co-cultured with irradiated OVA peptide-pulsed BMDCs and sorted to purity after 5 d for
chromatin preparation and ChIP-seq. Specific peaks with increased Runx3 binding in Hdac3-KO relative to Hdac3-WT CD8 T cells are highlighted with gray
columns. Runx3 ChiP-seq data are available through GEO accession no. GSE143644. (F-1) Hdac3-KO and Hdac3-WT Cas9* OT-I T cells were transduced with
lentiviral vectors expressing Runx3- or LacZ-targeting gRNA sequences, magnetically purified for Thyl.1* expression, and adoptively transferred into Thyl.2*
C57BL/6 recipients. Mice were immunized subcutaneously with OVA + poly(l:C) in PBS. OT-I T cells in inguinal LNs draining immunization site were analyzed
after 4 d. Flow-cytometric analysis of Granzyme B (F), T-bet (G), and effector cytokine (H) expression in transferred OT-I T cells in inguinal LNs. Quantification
of flow-cytometric data are shown in |. Data are representative of two independent experiments with five mice per treatment group. Means + SD are indicated
(C, D, and I). P values were calculated by two-way ANOVA (C, D, and I). *, P < 0.05, **, P < 0.01, ***, P < 0.001, ****, P < 0.0001.
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with a small molecule strongly increased the cytotoxic function
of CD8 T cells, and kinetic analyses demonstrated an increased
fraction of Granzyme B* and T-bet* Hdac3-KO CD8 T cells rela-
tive to Hdac3-WT cells even at the first cell division following
TCR activation, suggesting that HDAC3 impacts early steps of
T cell differentiation. Hdac3-KO CD8 T cells failed to persist
following resolution of an acute viral infection or rechallenge
after initial immunization with a peptide antigen, consistent
with a model in which the absence of HDAC3 biases differenti-
ation toward a short-lived cytotoxic effector state. This lack of
persistence was not due to early differences in proliferation,
apoptosis, or egress from lymphatics, nor due to reduced sur-
vival fitness in the absence of TCR activation. We hypothesize
that a loss of proliferative potential later during activation,
consistent with an increased propensity toward terminal effec-
tor differentiation, may be responsible for the reduced persis-
tence of Hdac3-KO CD8 T cells following activation. Furthermore,
our observation that inactivation of Hdac3 before but not after
the peak of the effector CD8 response led to a loss in persistence
again suggests that HDAC3 may regulate CD8 T cell differentia-
tion and effector function beginning at an early stage, with the
consequences of this early regulation being inherited with subse-
quent cell divisions. Overall, our observations of the role of HDAC3
in inhibiting the cytotoxic effector phenotype and regulating the
persistence of CD8 T cells fit classical hallmarks for epigenetic
control of cell differentiation (Deans and Maggert, 2015).

To uncover potential molecular pathways by which HDAC3
regulates CD8 T cell effector function and differentiation, we
profiled both transcriptional and epigenetic changes in activated
CD8 T cells deficient in HDAC3 activity. Our RNA-seq analysis
demonstrated increased transcription of cytotoxicity and effec-
tor genes in Hdac3-KO T cells or HDAC3 inhibitor-treated T cells,
consistent with our previous observations across several ex-
perimental settings of CD8 T cell activation. Although we ob-
served that key cytotoxicity genes (including Gzmb and Prfl) and
transcription factors (Prdml and Id2) were up-regulated in both
Hdac3-KO and HDACS3 inhibitor-treated CD8 T cells, there was
also a large number of nonoverlapping genes between the two
experimental conditions. Contributing factors could be the fol-
lowing: (1) HDACS3 activity was absent in Hdac3-KO T cells but
may have only been partially reduced by the inhibitor; (2) even
though RGFP966 has been reported to be quite specific for
HDAC3 (Xu et al., 2009), it is possible that it also reduced the
activity of one or several other HDACs; (3) it is possible that
RGFP966 had off-target activity unrelated to HDAC3 or other
HDAC enzymes. Nevertheless, both inactivation of the Hdac3
gene and inhibition of HDAC3 enzyme enhanced the cytotoxic
function of CD8 T cells and negatively regulated a core set of
genes associated with the CD8 cytotoxic effector phenotype. We
therefore focused our molecular analyses on these genes.

H3K27ac ChIP-seq analysis of activated Hdac3-KO CD8 T cells
revealed that HDAC3 deacetylates H3K27ac at several genes
encoding regulators of CD8 T cell activation, effector function,
and differentiation, including transcription factors (Bach2, Nfkbl,
Tkzfl, Tox, Prdmi, Ezh2, Runx3, Jun, Lefl, Bcl6), regulators of T cell
receptor signaling (Cblb, Fyn), and surface receptors (Tgfbrl, Icos,
Ilora, Il2ra, IlI2rb2). This increase in H3K27ac was observed
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following CD8 T cell activation, while there were no substantial
changes in H3K27ac between freshly isolated, unstimulated
Hdac3-KO and Hdac3-WT CD8 T cells. Whereas a general in-
crease in H3K27ac was present in activated Hdac3-KO compared
with Hdac3-WT T cells, we observed an even greater increase in
H3K27ac at the loci of cytotoxicity genes (Gzma, Gzmb, Prfl) and
genes encoding transcription factors (Prdml, Thx2l, Id2) that
showed increased transcription in Hdac3-KO compared with
Hdac3-WT CD8 T cells during activation. While we were able to
validate the increase in H3K27ac at the loci of Gzmb and Prdmil
independently by performing ChIP-qPCR on both activated
Hdac3-KO and HDAC inhibitor-treated CD8 T cells, we did not
observe significantly increased H3K27ac at all of the loci ex-
amined by ChIP-qPCR; this could have been due to the limited
sensitivity of our ChIP-gPCR assay, which assessed H3K27ac
only for segments of proximal promoters (rather than entire
gene loci as in ChIP-seq). Also, the overall global increase in H3K27ac
signal in Hdac3-KO samples may have made it more difficult to
identify such H3K27ac signals after normalization to the input.

To gain further insight into how HDAC3-mediated deacety-
lation of H3K27ac might interact with transcriptional regulators
of CD8 T cell activation and differentiation, we performed motif
analysis on differentially acetylated genomic regions in acti-
vated Hdac3-KO and Hdac3-WT CD8 T cells to identify tran-
scription factors that might potentially interact with HDAC3. We
had previously attempted to perform HDAC3 ChIP-seq experi-
ments to directly address this question but were not able to
identify suitable antibodies for this purpose. Our motif analysis
suggested that transcription factors from the Runx and Ets
families may bind to genomic regions targeted by HDAC3 for
H3K27ac deacetylation. However, it remains unknown whether
and how HDACS3 interacts with key transcription factors (e.g.,
Runx3) that regulate CD8 T cell differentiation and effector
function during activation. Several mechanisms are possible: (1)
HDAC3 may first bind to H3K27ac sites, resulting in chromatin
condensation and preventing transcription factor binding to
genes regulating CD8 cytotoxic effector function; (2) transcrip-
tion factors such as Runx3 might be recruited to H3K27ac marks
via interactions with epigenetic readers such as bromodomain
proteins (which recognize and bind acetylated lysine residues on
histones), and might thus compete with HDAC3 for binding to
chromatin. Further investigation to identify direct molecular
interactions between HDAC3 and transcription factors regulat-
ing CD8 T cell activation, as well as analyses of chromatin ac-
cessibility changes in activated Hdac3-KO CD8 T cells, will be
necessary to elucidate the order of epigenetic and transcrip-
tional events regulated by HDAC3. It is also certainly possible
that other histone acetylation marks in addition to H3K27ac
(e.g., H3K9ac) could be regulated by HDAC3 activity and con-
tribute to regulation of cytotoxic effector function.

Because our RNA-seq and H3K27ac ChIP-seq data suggested
that HDAC3 negatively regulates Prdml expression, we focused
on investigating the genetic interaction between Hdac3 and
Prdml (Blimp-1). Blimp-1 is a transcriptional repressor that en-
hances terminal differentiation of effector CD8 T cells during
viral infection, and Prdmi-deficient T cells primarily develop
into memory precursor cells with higher proliferative potential
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(Kallies et al., 2009; Rutishauser et al., 2009). Our data suggest
that HDAC3 may regulate the persistence of activated CD8 T cells
in part by repressing expression of Blimp-1; however, this is un-
likely to be the only molecular mechanism by which HDAC3 ac-
tivity regulates CD8 T cell persistence. Our data are consistent
with a model in which HDAC3-mediated inhibition of terminal
effector differentiation (driven in part by Blimp-1) controls the
persistence of the CD8 T cell response following activation. At the
molecular level, Blimp-1 represses transcription of the gene en-
coding Fos, which associates with Jun to form the AP-1 transcrip-
tion factor required for transcriptional activation of the II2 gene
(Martins et al., 2008), and was also recently shown to regulate
Granzyme B expression in murine effector CD8 T cells (Kragten
et al,, 2018). Blimp-1 also inhibits expression of the CD25 chain of
the IL-2 receptor by recruiting the histone methyltransferase G9a
(encoded by Ehmt2; Shin et al., 2013). Given that Hdac3-KO CD8
T cells express T-bet at a higher frequency than Hdac3-WT cells
and also differentiate preferentially into terminally differentiated
effector cells, it is likely that HDAC3-regulated expression of
Blimp-1 may play a role in the observed cellular phenotype.

We further demonstrated that the increased cytotoxic pheno-
type of CD8 T cells following T cell activation required the presence
of Runx3. Runx3 is a transcription factor with an important role for
commitment to the CD8 T cell lineage in the thymus (Taniuchi et al.,
2002; Woolf et al., 2003). It plays a critical role in CTL differenti-
ation and regulates expression of a number of key effector genes,
including those encoding Granzyme B and perforin. Runx3 is also
known to cooperate with the effector function-associated tran-
scription factor T-bet (encoded by Tbx21) during differentiation into
cytotoxic effector CD8 T cells (Cruz-Guilloty et al., 2009). Runx3
was recently shown to be required for memory CTL development
during acute viral infection and to function as a pioneer tran-
scription factor for cis-regulatory elements beginning early during
CD8 T cell activation (Wang et al., 2018). Finally, HDAC3 was re-
cently reported to bind to a super-enhancer regulatory region of the
Runx3 locus and was associated with suppression of Runx3 tran-
scription during differentiation of thymocytes into CD4 rather than
CD8 T cells (Philips et al., 2019). Together with our data showing an
enrichment of potential Runx family transcription factor binding
sites within genomic loci targeted by HDAC3 for H3K27ac deace-
tylation, we suggest that HDAC3 is a potential regulator of the
Runx3-dependent CD8 T cell cytotoxicity program.

Taken together, we propose a model in which HDAC3 epige-
netically regulates a network of genes including Runx3 and Prdml
in CD8 T cells during CD8 T cell activation to inhibit differentia-
tion into cytotoxic effector cells. Transient inhibition of HDAC3
with small molecule inhibitors may offer opportunities to enhance
CD8 T cell differentiation into cytotoxic effector cells. This work
thus identifies an important epigenetic layer of regulation for the
differentiation of activated CD8 T cells into cytotoxic effector cells.

Materials and methods

Mice

All mice were maintained in specific pathogen-free conditions
and used in accordance to guidelines of the Dana-Farber Cancer
Institute Institutional Animal Care and Use Committee. C57BL/6,
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CD45.1* congenic, Ragl™/~, and OT-I mice were purchased from
The Jackson Laboratory. Cas9* OT-I mice were generated by
crossing the OT-I TCR transgenic strain with mice carrying a
Rosa26-targeted knock-in of Cas9 (Jackson strain 024858) for
constitutive Cas9 expression; all Cas9* mice in this study were
homozygous for the Cas9 knock-in allele. Hdac3?/! mice were
developed by S. Hiebert (Vanderbilt University, Nashville, TN;
Knutson et al., 2008). Hdac3/f! mice were crossed with E8I-Cre
transgenic mice (Jackson strain 008766) and OT-I mice to gen-
erate TCR-polyclonal and OT-I TCR-transgenic mice with CD8
T cell-restricted deletion of Hdac3; the latter strain was further
crossed with Cas9* OT-I mice to generate Cas9* E8I-Cre*
Hdac3%8 OT-I mice. Hdac3"'®! mice were also crossed with UBC-
Cre-ERT2 mice (Jackson strain 008085) and OT-I mice to gen-
erate OT-I TCR-transgenic mice with a tamoxifen-inducible
deletion of Hdac3. Hdac3-conditional KO strains were main-
tained by crossing Cre* Hdac3™/!! mice with Cre~ Hdac3%/! mice
to generate Hdac3-WT littermate controls for experiments, and
to maintain hemizygous inheritance of the Cre transgene. All
mice used as hosts in experiments were male mice 8-9 wk of
age. For adoptive transfer experiments, 6-12-wk-old mice of
both sexes were used as T cell donors.

Flow cytometry

Fluorochrome-conjugated antibodies against CD5 (53-7.3), CD8a.
(53-6.7), CD11b (M1/70), CDllc (N418), CD44 (IM7), CD45.1
(A20), CD45.2 (104), CD62L (MEL-14), H-2 (M1/42; pan-MHC I),
H-2KP-SIINFEKL (25-D1.16), TCR-B (H57-597), Thyl.l (0X-7),
FoxP3 (FJK-16s), IFN-y (XMG1.2), TNF-a. (MP6-XT22), and T-bet
(4B10) were purchased from Biolegend. Antibodies specific for
CD4 (RM4-5) and Granzyme B (NGZB) were purchased from
Thermo Fisher Scientific. Antibodies specific for Runx3 (R3-
5G4) were purchased from BD Biosciences. PE-conjugated
KP-SIINFEKL (OVA peptide) and DP-KAVYNFATC (LCMV GP33
epitope) tetramers were purchased from MBL International
Corporation. Antibodies against surface epitopes were used at
1:200 dilution, except a-CD44 and a-CD62L antibodies, which
were used at 1:100 dilution. Antibodies against intracellular
epitopes were used at 1:50 dilution, except a-Runx3 antibodies,
which were used at 1:20 dilution. All flow-cytometry samples
were first stained with Zombie UV fixable viability dye (Biol-
egend) for live/dead exclusion at 1:200 dilution, then treated
with unconjugated a-CD16/32 antibodies (93, Biolegend) at 1:50
dilution to block nonspecific binding to F. receptors before
staining. Where required, staining with tetramers was done at
the dilution recommended by the manufacturer after live/dead
staining and before F. receptor blockade. For intracellular
staining of cytokines and transcription factors, samples were
fixed and permeabilized with the eBioscience FoxP3/Transcrip-
tion Factor Staining Buffer Set (Thermo Fisher Scientific).
Where indicated, samples were restimulated with PMA and
ionomycin using eBioscience Cell Stimulation Cocktail (plus
protein transport inhibitors; Thermo Fisher Scientific), or with
5 ug/ml of indicated peptide(s) plus eBioscience Protein Trans-
port Inhibitor Cocktail (Thermo Fisher Scientific) for 3-4 h be-
fore evaluation by flow cytometry. Unstimulated samples
(treated only with Protein Transport Inhibitor Cocktail) were
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acquired in parallel as gating controls. All flow cytometry data
were acquired using an LSRFortessa X-20 (BD Biosciences), and all
cell sorting was performed using a FACSAria ITlu (BD Biosciences).
Flow cytometry data were analyzed using FlowJo software.

Cell culture and cell lines

Cell culture media and supplements were purchased from Gibco
(Thermo Fisher Scientific). All primary cell cultures were grown
in RPMI 1640 media (RPMI) supplemented with 10% (vol/vol) FBS,
1x GlutaMAX (Gibco), 100 U penicillin-streptomycin, 1 mM sodi-
um pyruvate, 20 mM Hepes, and 50 uM 2-mercaptoethanol. All
other cell lines were grown in DMEM media supplemented with
10% (vol/vol) FBS, 1x GlutaMAX, 100 U penicillin-streptomycin,
and 10 mM Hepes. The OVA-expressing B16F10 tumor cell line
(B16-OVA) was generated by lentiviral transduction of B16F10
(ATCC) with a pHAGE expression vector bearing an N-terminally
truncated variant of chicken OVA that was sub-cloned from
pcDNA3-deltaOVA (Addgene plasmid 64595; Diebold et al., 2001).
zsGreen* transduced tumor cells were sorted to purity to establish
the cell lines. B16-OVA cells were validated by flow-cytometric
measurement of the OVA epitope SIINFEKL in complex with
H2-KP, and by evaluation of their ability to activate OT-I T cells.

Isolation of immune cell populations from mice

For spleens and LNs, organs were mechanically dissociated on a 70-
pm cell strainer with unsupplemented RPMI media. For liver and
kidney samples, organs were minced with scalpels in RPMI and
further dissociated in GentleMACS C tubes using a GentleMACS
dissociator (Miltenyi Biotec); resulting cell suspensions were sepa-
rated at 1,200 g on a 40%/70% discontinuous Percoll gradient (Sigma-
Aldrich). Samples from spleens and livers were treated with RBC lysis
buffer (Biolegend) after dissociation to remove erythrocytes.

In vitro activation of OT-I T cells with OVA peptide-pulsed
BMDCs

1 wk before T cell activation, BMDCs were generated by GM-CSF cul-
ture of bone marrow cells isolated from the femora and tibiae of C57BL/
6-background mice as previously described (Madaan et al.,, 2014). Im-
mature BMIDCs were activated with 100 ng/ml of lipopolysaccharide
(Sigma-Aldrich) overnight before y-irradiation (3,500 rad) and
incubation with 100 ng/ml of SIINFEKL peptide. OT-I T cells were
prepared from pooled cell suspensions from spleens and periph-
eral LNs (inguinal, brachial, and cervical) of OT-I TCR-transgenic
mice by negative magnetic selection using an EasySep Mouse
CD8* T Cell Isolation Kit (StemCell Technologies, Inc.). BMDCs and
OT-I T cells were co-cultured at a 1:1 ratio at a total density of 10
cells/ml in 96-well, 24-well, or 6-well tissue culture plates (at
volumes of 0.2, 0.5, or 2 ml, respectively). For in vitro HDAC3
inhibitor studies, RGFP966 (Selleck Chemicals) was prepared as a
10 mM stock in DMSO (Sigma-Aldrich) and diluted to the indi-
cated concentrations directly into cell culture medium; control cell
cultures were treated with an equivalent volume of DMSO vehicle.

In vitro screen of epigenetic regulator drugs on CD8

T cell activation

96-well plates containing BMDC and OT-I T cell co-cultures were
set up as described in the preceding section. Immediately after

Tay et al.
HDAC3 epigenetically regulates CD8 cytotoxicity

OT-I T cells were added to BMDCs, a custom small molecule li-
brary containing aliquots of 100 epigenetic inhibitor drugs in
DMSO vehicle (Table S1) was directly diluted into the 96-well
plates using 96-well pin applicators (Thermo Fisher Scientific)
to a final concentration of 10 uM. Each 96-well plate also con-
tained 10 control wells (equivalent volume of DMSO vehicle
added). Fresh media containing 10 pM epigenetic inhibitor
drugs or DMSO vehicle was added on days 3 and 5 after acti-
vation. On day 7, cells were collected in 96-well plates and fixed
for flow-cytometric analysis of a panel of markers of effector
CD8 T cell function.

Means and standard distributions of either the geometric
mean fluorescence intensities (gMFIs; for markers with unim-
odal staining patterns, e.g., CD25 and CD127), or of the per-
centage of positive cells (for markers with bimodal distributions,
e.g., Granzyme B and IFN-y), were computed across the 10
control wells for each plate. Thresholds for significance were set
as |drug perturbation| =1 SD or >2 SD for bimodal and unimodal
markers, respectively. Each drug was then scored with +1, 0, or
-1 for each marker that was significantly elevated, not signifi-
cantly changed, or significantly reduced relative to the mean of the
control, respectively. The total score for each drug was then used
to rank and prioritize small molecules for follow-up analysis.

CRISPR/Cas9-mediated gene KO in CD8 T cells by lentiviral
transduction

To efficiently transduce primary CD8 T cells without prior TCR
activation, we constructed the Thyl.l-marked lentiviral gRNA
expression plasmid vector pLKO-gRNA-Thyl.1 by subcloning the
gRNA expression cassette of lentiGuide-Puro (Addgene plasmid
52963; Sanjana et al., 2014) into a pLKO.3G backbone (Addgene
plasmid 14748) and replacing the enhanced green fluorescent
protein (eGFP) marker with Thyl.l. gRNA sequences targeting
specific genes were picked from a list generated by the online
single guide RNA (sgRNA) Design Tool (Broad Institute, Cam-
bridge, MA) and inserted into pLKO-gRNA-Thy1.1 using sticky
ends generated by BsmBI digestion. Lentivirus production and
CD8 T cell transduction were performed as previously described
(Zhou et al., 2014). Briefly, Cas9* OT-I1 T cells were cultured in
100 ng/ml IL-15 and 5 ng/ml IL-7 for 48 h before spin-infection
in retronectin-coated (Takara Bio) 24-well plates with concen-
trated lentivirus (multiplicity of infection = 15). Spin-infection
was done in RPMI media with 5 pg/ml protamine sulfate
(Sigma-Aldrich) for 1.5-2 h at 32°C. Cells were cultured for 72 h
after transduction with 50 ng/ml IL-15, 2.5 ng/ml IL-7, and 2 ng/
ml IL-2 before magnetic enrichment using the Thyl.l marker
using an EasySep Mouse CD90.1 Positive Selection Kit (StemCell
Technologies) to 293% Thyll* purity. The following gRNA-
coding sequences were used to generate lentiviruses targeting
the indicated genes for inactivation (all sequences read 5 to 3'):
Hdac3, AGTGGAAGTTGCCCACATCG; Prdml, GGATAGGATAAA
CCACCCGA; Runx3, GTTCACCAACCCTACCCAAG; and Tbx2],
GCTCTACCCAGGGCCGCGCG.

Western blot analysis of gRNA KO efficiency
Thyl.1*-enriched cells after lentiviral gRNA vector transduction
were activated in vitro with 3 pg/ml plate-bound a-CD3e
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(145-2C11, Biolegend) and 1 pg/ml of soluble a-CD28 (37.51, Bi-
olegend). Cells were collected after 3-7 d after activation for
preparation of whole cell lysates in radioimmunoassay precipi-
tation buffer for subsequent immunoblot analysis to assess the
efficiency of gene inactivation. Total cell lysates equivalent to
2-5 x 10° cells were loaded into each lane for SDS-PAGE and
subsequent protein transfer to a polyvinylidene difluoride
membrane. Antibodies for Western blotting against HDAC3
(2632, 85057), Blimp-1 (9115), Runx3 (9647), and GAPDH (2118)
were purchased from Cell Signaling Technology. Membranes
were incubated with primary antibodies overnight at 4°C with
gentle shaking at a dilution of 1:1,000 in SuperBlock T20 (TBS)
(Thermo Fisher Scientific), except for a-GAPDH antibodies,
which were diluted 1:5,000. Membranes were then incubated
with secondary goat a-rabbit HRP-conjugated antibodies (1:10,000;
Cell Signaling Technology) for 1 h at room temperature and then
treated with enhanced chemiluminescence reagent (Thermo Fisher
Scientific). Protein bands were visualized on autoradiography
film (Denville Scientific), and protein KO levels were quantified
from scanned film images using FIJI software (National Institutes
of Health).

Cytotoxicity assays

For in vitro cytotoxicity assays, B16-OVA cells were treated with
10 ng/ml of IFN-y overnight and labeled with *!Cr the following
day. OT-I T cells were collected from in vitro cultures, re-
suspended at appropriate densities, and cultured with 2 x 103
B16-OVA target cells per well at effector-to-target ratios ranging
from 10:1 to 1:1 with four replicates per condition. Cells were
gently centrifuged to accelerate cell-cell interactions. Eight wells
of B16-OVA target cells without T cells were left untreated to
assess spontaneous °!Cr release, and eight wells of B16-OVA cells
were fully lysed with 1% Triton X-100 in PBS to assess maximum
SICr release. After 4 h of co-culture, cells were pelleted, and the
supernatant was collected for quantification of *'Cr radioactivity
with a Microbeta® microplate counter (Perkin Elmer). In vitro
cytotoxicity was calculated using the following equation:

Specifickilling (%)

Sample release - Spontaneous release
Maximum release - Spontaneous release’

=100 x

For in vivo cytotoxicity assays, target cells were prepared by
depleting C57BL/6 splenocytes with biotin-conjugated a-CD3
(17A2, Biolegend) and a-NK1.1 (PK136, Biolegend) antibodies
followed by negative magnetic selection with streptavidin
beads (StemCell Technologies). Target cells were then incu-
bated with 1 uM of either OVA SIINFEKL peptide (Sigma-Al-
drich) or gp100 KVPRNQDWL control peptide (AnaSpec), and
labeled with 1 pM CFSE (Biolegend) or eFluor670 (Thermo
Fisher Scientific), respectively. 5 x 10° cells of a 1:1 mix of the
two differentially labeled target cell populations were intra-
venously injected into OVA-immunized recipient mice that
had previously received Hdac3-KO or Hdac3-WT OT-I T cells.
Mice that had received OT-I T cells without OVA immuniza-
tion were used as controls. 9 h following transfer of cells,
spleens from recipient mice were analyzed, and the numbers
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of CFSE* OVA-labeled targets, eFluor670* control peptide-
labeled targets, and OVA peptide tetramer* CD8 T cells were
recorded. In vivo cytotoxicity was calculated as a ratio of
depleted OVA-labeled targets relative to the numbers of OT-I
T cells as follows:

Invivokilling (per1, 000 effectors)

#CFSE events in negative control
#eFluor events in negative control
#0T - I events in sample
( 1,000 )

#eFluor events in sample x ( ) - #CFSE events in sample

OVA immunization studies

1 d before immunization, OT-I T cells were prepared from
pooled cell suspensions from spleens and peripheral LNs as
described earlier, and 5 x 10° OT-I T cells in PBS were
transferred into recipient mice by intravenous injection. Re-
cipient mice were immunized by subcutaneous injection into
the flanks with a dose of 10 pg OVA (Imject Ovalbumin,
Thermo Fisher Scientific) + 50 ug poly(1:C) (Sigma-Aldrich) in
PBS. For longitudinal studies of transferred OT-I populations,
blood lymphocytes from retro-orbital bleeds were analyzed
by flow cytometry. For terminal analysis of donor OT-I T cell
phenotype, total cell suspensions prepared from inguinal LNs
were restimulated with 5 pg/ml OVA SIINFEKL peptide
(Sigma-Aldrich) for 3-4 h before analysis by flow cytometry.
The contribution of LN egress and/or activation-induced cell
death on T cell numbers was examined by intraperitoneal
injection of 500 pg/kg FTY720 (Cayman Chemical) in a ve-
hicle of 50% (vol/vol) ethanol in PBS and/or 3 mg/kg pan-
caspase inhibitor peptide Ac-DEVD-CHO (Selleck Chemical)
at indicated time points.

LCMV infections
LCMV Armstrong strain expressing OVA (LCMV-OVA) was a
gift from U. von Andrian (Harvard Medical School, Boston, MA)
and generated by Juan de la Torre (The Scripps Research Insti-
tute, La Jolla, CA; Gerlach et al., 2016). LCMV Clone 13 was
provided by H.-J. Kim. All viruses were propagated and titrated
as previously described (Welsh and Seedhom, 2008). For acute
virus infection experiments, TCR-polyclonal CD45.1* congenic
mice were adoptively transferred with 5 x 10 cells of a 1:1 mix of
CD45.1- CD45.2* Hdac3-inducible KO and CD45.1* CD45.2*
Hdac3-WT OT-I T cells isolated from age- and sex-matched do-
nors. Hdac3 deletion at indicated time points was induced by
intraperitoneal injection of 100 pl of a 20 mg/ml tamoxifen
(Sigma-Aldrich) solution in corn oil daily for 3 consecutive days.
4 d after T cell transfer, host mice were infected with 2 x 105 PFU
of LCMV-OVA by intraperitoneal injection. For longitudinal
studies of transferred OT-I T cell populations, lymphocytes from
retro-orbital bleeds were analyzed by flow cytometry. For ter-
minal analysis of donor OT-I T cell phenotypes, total cell sus-
pensions prepared from indicated organs were restimulated
with 5 pg/ml OVA peptide (Sigma-Aldrich) for 3-4 h before flow
cytometry analysis.

For chronic virus infection experiments, TCR-polyclonal E8I-
Cre* Hdac3%/1 mice with a CD8 T cell-restricted deletion of Hdac3
or Cre~ Hdac3/! littermate controls of both sexes were infected
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with 2 x 10 PFU LCMV Clone 13 by intravenous injection.
Weight loss was monitored every 2-3 d after infection, and vi-
remia was monitored weekly by titration of serum samples on
Vero cell monolayers and counting of plaques, as previously
described (Welsh and Seedhom, 2008). For terminal analysis of
virus-specific CD8 T cell responses in viral reservoir organs,
total cell suspensions prepared from indicated organs were re-
stimulated with 5 pg/ml of LCMV GP33 and GP276 peptides
(AnaSpec) for 3-4 h before flow-cytometric analysis.

RNA-seq and analysis

RNA-seq analysis was performed on Hdac3-KO and Hdac3-WT
OT-IT cells activated in parallel, and on RGFP966- and vehicle
control-treated OT-I T cells activated in parallel, to robustly
identify genes that were regulated by HDAC3 activity. OT-I
T cells were isolated and activated on irradiated SIINFEKL-
pulsed BMDCs as described above and sorted to purity after
5 d. Total RNA was prepared using the RNAeasy Plus Mini Kit
(Qiagen) according to the manufacturer’s instructions and sub-
mitted to the Dana-Farber Molecular Biology Core Facility for
library preparation and sequencing. A standard mRNA library
preparation kit (RS-122-2101, Illumina) was used for library
preparation. Single-end 75-bp sequencing was done on an Illu-
mina NextSeq 500. Statistics for differentially expressed genes
were calculated by DESeq2 (version 3.5; Love et al., 2014).
Thresholds of -logjo(adjusted P value) >10 and |log,(fold
change)| >0.5 were used to identify genes that were differen-
tially transcribed between Hdac3-KO and Hdac3-WT CD8 T cells
(Table S2), or between RGFP966-treated and vehicle control-
treated CD8 T cells (Table S3). The HDAC3 activity-regulated
list of genes was compiled from genes that were present in
both lists of differentially transcribed genes (in the KO vs. WT
and RGFP966 vs vehicle datasets), and whose direction of change
was also conserved between both datasets. The RNA-seq data
have been deposited in the National Center for Biotechnology
Information’s Gene Expression Omnibus (GEO; Edgar et al.,
2002) under accession no. GSE143644.

Analysis of H3K27ac by ChIP-seq

Hdac3-KO and Hdac3-WT OT-IT cells were isolated and activated
on irradiated SIINFEKL-pulsed BMDCs as described above and
sorted to purity after 3 d. Sorted cells were fixed using 1% par-
aformaldehyde (PFA; Sigma-Aldrich) in PBS for 7 min, and the
reaction was then quenched by addition of glycine to a final
concentration of 125 mM (Sigma-Aldrich) in PBS for 5 min, all
with gentle rotation at room temperature. Cells were then
washed with ice-cold PBS in the presence of 1x protease inhib-
itor cocktail (P8340, Sigma-Aldrich), 1 mM PMSF (Sigma-
Aldrich), and 10 mM sodium butyrate (Sigma-Aldrich), and dry
pellets were stored at -80°C until all samples were collected.
Cross-linked material was resuspended in sonication buffer (1%
SDS, 50 mM Tris-HC, pH 8, and 10 mM EDTA) and sonicated in
a Covaris E220 instrument (15 min, 5% duty cycle, 75 peak in-
cident power, 200 cycles per burst) using a 1-ml AFA Fiber
milliTUBE (Covaris). 10 pl of recombinant barcoded nucleo-
somes with various acetyl-lysine modifications (Epicypher
v0.5 K-AcylStat SNAP-ChIP panel) to 5 pg of soluble chromatin
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before taking 10% as input and using the remaining for immu-
noprecipitation with 10 pg of rabbit anti-H3K27ac antibody
(Diagenode C15410196, lot A1723-0041D). Libraries were pre-
pared with an Accel-NGS 2S Plus DNA Library Kit (Swift Bio-
sciences) following the manufacturer’s protocol. 36-bp paired end
reads were sequenced on a NextSeq 2500 instrument (Illumina).

Reads for the entire barcoded spike-in histone K-acetyl panel
were quantified before and after ChIP. We evaluated the reads
from all barcoded spike-in acetylation marks to calculate the
enrichment of ChIPs from both Hdac3-KO and Hdac3-WT sam-
ples, and used the ratio of the barcode signals to normalize the
sequencing Bedgraph files. Normalization was done by taking
the union set of all peaks from the two H3K27ac ChIP samples
(Hdac3-KO and Hdac3-WT), calculating the read depth-
normalized ratio of reads at each peak location, and then apply-
ing the normalization factor derived from the spike-in panel
barcodes to the sequencing results. Finally, the normalized Bed-
graph files were converted to Bigwiggle format for viewing in the
Integrative Genomics Viewer platform and downstream analysis.

Pre-processing and quality control of normalized ChIP-seq
data were performed using the Chilin pipeline 2.0.0 (Qin
et al,, 2016). We used the Burrows-Wheeler Aligner (Li and
Durbin, 2009) to map reads. Peak-calling was performed using
the MACS2 (Model-based Analysis of ChIP-Seq) algorithm
(Zhang et al., 2008), with specifications to call only unique peaks
to reduce the probabilities of calling false positive peaks. Statisti-
cally significant peaks were then selected based on the calculated
false discovery rate of reported peaks. The H3K27ac ChIP-seq
data are accessible through GEO accession no. GSE143644.

To calculate the changes in H3K27ac signal between Hdac3-
KO and Hdac3-WT samples, we first defined a set K of genomic
coordinates corresponding to H3K27ac peaks that were
present within both Hdac3-KO and Hdac3-KO samples,
i.e., K = (Peaksgo)N (Peaksyr). We then compiled a new set R of
fold changes in H3K27ac intensities by computing the ratio of
H3K27ac signals between Hdac3-KO and Hdac3-WT normalized
ChIP-seq traces across the set of genomic loci described by each
element of set K. From the distribution of elements within set R,
we then determined the median increase of H3K27ac peak in-
tensities in Hdac3-KO relative to Hdac3-WT samples. Peaks with
differential H3K27ac signals were also mapped to the nearest
gene loci to generate a list of gene loci rank-ordered by the
numbers of H3K27ac peaks with increased signal in Hdac3-KO
relative to Hdac3-WT samples (Table S4). Relative changes in
H3K27ac at selected gene loci were also quantified by calculating
the mean increase in signal at each peak present within the
genomic regions indicated in the ChIP-seq traces in Fig. 6.

Unbiased identification of mammalian (Homo sapiens or Mus
musculus) transcription factor binding motifs within the genomic
regions with differentially acetylated H3K27ac peaks in activated
Hdac3-KO CD8 T cells relative to Hdac3-WT cells was performed
using the HOMER motif analysis algorithm (Heinz et al., 2010).

ChIP-qPCR validation of H3K27 acetylation

OT-I T cells were isolated and activated on irradiated SIINFEKL-
pulsed BMDCs as described above and sorted to purity after 3 or
5 d. Dry, PFA-fixed cell pellets were prepared and stored at
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-80°C as previously described. Total chromatin was prepared
using a Zymo-Spin ChIP Kit (Zymo Research) using the me-
chanical shearing protocol supplied by the manufacturer;
chromatin was sheared by direct probe sonication using a Q125
sonicator with a 1/16 inch (1.6 mm) diameter probe tip (Qsonica),
using 12 pulsed cycles of 15 s at 10% amplitude followed by 30 s
incubation at 4°C. ChIP was performed using reagents from the
Zymo-Spin ChIP Kit (Zymo Research), and with a 1:100 dilution
of antibodies against H3K27ac (8173) or equivalent amount of
normal rabbit IgG (negative control; 2729; Cell Signaling Tech-
nology). After reverse cross-linking and chromatin elution,
samples were analyzed by qPCR using PowerSYBR Green re-
agents (Thermo Fisher Scientific) with primers targeting pro-
moter regions (up to -1,000 bp before the transcription start
site) of target gene loci. PCR reactions were run on a C1000
thermocycler with a CFX96 optical reaction module (Bio-Rad)
for 40 cycles of 15 s denaturation at 95°C followed by 60 s an-
nealing/extension at 60°C. The following primer pairs were
used to generate amplicons from the promoters of the indicated
genes (all sequences read 5’ to 3'): Gzma, CCCTTCTAAGGTCAC
GTGGT and ATGTCTGGTTAAGCCCCTCG; Gzmb, AGACGGACC
ATGGAGGATGT and GGACAGTAGTTCGTGCCGT; Prfl, TCGACT
CTTTTCCCGAAGGC and CCGGCCTCCTCTTCTGTTAGC; Ifng, TGG
AGCATTTGGTTGAGCCT and TGGCTATGGGTGCAGACTTG; I2,
AGCAGACCCAGCACAGTCTA and ACCCCAGGTTAGGTGCTACA;
Tnf, GAGGTAGGGATGTTGGCTGC and TCTCTTTGCGGAGGC
CTAAAG; Lta, CTGGGAATGTGGGGATGGAC and TATTGGAAG
GCCTGGGACAC; Prdml, GCTGTGCTCTTGTAAGGCGA and CGT
CGGAGGAGAAACGAGTC; Tbx21, AAATGCAGGACTTACCGTAGT
T and ATACCAACCGGTGTCTGTGT; and Id2, CTAGCGACCTGT
GACTTCCC and GTGCCCGGAGCTAGCTATAC.

Runx3 ChIP-sequencing

Hdac3-KO or Hdac3-WT OT-I T cells were isolated and activated
on irradiated SIINFEKL-pulsed BMDCs as described above and
sorted to purity after 5 d. Sorted cells were double-fixed
with di(N-succinimidyl) glutarate (Sigma-Aldrich) and 1% PFA
(Sigma-Aldrich) according to a previously described protocol
(Tian et al., 2012). Cells were then washed with ice-cold PBS in
the presence of 1x protease inhibitor cocktail (P8340, Sigma-
Aldrich), 1 mM PMSF (Sigma-Aldrich), and 10 mM sodium bu-
tyrate (Sigma-Aldrich), and dry pellets were stored at -80°C
until all samples were collected. Cross-linked material was re-
suspended in sonication buffer (1% SDS, 50 mM Tris-HCl, pH 8, and
10 mM EDTA) and sonicated in a Covaris E220 instrument (15 min,
5% duty cycle, 75 peak incident power, 200 cycles per burst) using a
1 ml AFA Fiber milliTUBE (Covaris). 40 p.g of soluble chromatin was
immunoprecipitated with 5 pg of rabbit anti-Runx3 antibody
(ab11905, Abcam). Libraries were prepared with an Accel-NGS 2S
Plus DNA Library Kit (Swift Biosciences) following the manu-
facturer’s protocol. 36-bp paired end reads were sequenced on a
NextSeq 2500 instrument (Illumina). The Runx3 ChIP-seq data are
accessible through GEO accession no. GSE143644.

Online supplemental material
Fig. S1 contains an overview of the epigenetic inhibitor drug
screen and additional data characterizing the regulation of CD8
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T cell cytotoxicity by the HDAC3-specific inhibitor RGFP966. Fig.
S2 and Fig. S3 contain data characterizing the phenotypes of
Hdac3-KO (E8I-Cre*; Hdac3®%) in developing thymocytes and in
peripheral CD8 T cells, respectively. Fig. S4 contains detailed
analysis of the reduced accumulation of Hdac3-KO CD8 T cells in
draining LNs following in vivo activation. Fig. S5 describes ad-
ditional aspects of the phenotype of Hdac3-KO virus-specific CD8
T cells during acute or chronic viral infection, related to
Fig. 2and Fig. 4, respectively. Table S1 describes the results of the
epigenetic inhibitor drug screen in detail. Table S2 and Table S3
list genes that are differentially expressed in HDAC3 inhibitor-
treated activated CD8 T cells or in Hdac3-KO activated CD8 T cells
relative to control cells, respectively. Table S4 lists gene loci with
at least one H3K27ac peak showing increased acetylation in acti-
vated Hdac3-KO CD8 T cells relative to Hdac3-WT cells.
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Figure S1. HDAC3-specific inhibitor RGFP966 augments cytotoxicity function of CD8 T cells. Related to Fig. 1. (A) Summary of flow cytometry screen of
100 epigenetic inhibitor drugs during in vitro CD8 T cell activation for perturbations to effector phenotype. OT-I CD8 T cells were activated in vitro by co-
culture with OVA peptide-pulsed BMDCs for 7 d in the presence of indicated epigenetic inhibitor drugs (10 uM) or an equivalent volume of DMSO as vehicle
control. Flow-cytometric measurements for each of the six indicated markers were acquired in parallel for all samples. Perturbations to each marker in drug-
treated samples were normalized relative to the mean of control samples, and are expressed in terms of SDs from the mean of control samples. Horizontal
dashed lines indicate threshold for significance (|Drug perturbation| 21 SD for bimodal markers, >2 SD for unimodal markers); the vertical dashed line separates
drug-treated samples (samples numbers 1-100) from control samples (sample numbers >101). Drugs that increased (red) or decreased (blue) a given marker
above the significance threshold are indicated. The top six drug hits are labeled. (B) Flow-cytometric measurement of RGFP966-induced changes of CD8
effector functions in OT-I T cells activated in vitro for 7 d. Data are representative of two independent experiments. (C) Evaluation of KO efficiencies for
lentiviral gRNA expression vectors targeting Hdac3 in transduced Cas9* OT-I T cells. Whole cell lysates prepared from 5 x 10°> magnetically purified transduced
T cells were loaded per lane. LZ, LacZ-targeting gRNA vector; M, mock-transduced (both negative controls); p.i., post-infection. Red arrowhead indicates the
gRNA used in subsequent experiments. Molecular weights (kD) are indicated on immunoblot images. (D) Cytotoxicity of in vitro activated Cas9* OT-I T cells
transduced with indicated gRNA sequences against B16-OVA targets. Data are representative of two independent experiments with four technical replicates
per condition. (E) Flow-cytometric measurement of markers of CD8 effector function in activated Hdac3- or LacZ-edited Cas9* OT-I T cells after 7 d of ac-
tivation in the presence or absence of RGFP966. Data are representative of two independent experiments with three replicates per condition. Means + SD are
indicated (B, D, and E). P values were calculated by two-way ANOVA (D and E). *, P < 0.05, **, P < 0.01, ****, P < 0.0001.
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Figure S2. Characterization of thymopoiesis in E8I-Cre*; Hdac3"/? Hdac3-KO mice. Related to Fig. 1. (A) Representative flow cytometry gating of live
CD11b~ CD11c™ thymocyte populations in male 10-wk-old Hdac3-KO (E8I-Cre*; Hdac3™f) mice and Hdac3-WT (Cre™; Hdac3™f) littermates based on CD4 and
CD8a expression. (B) Flow-cytometric measurement of thymocyte developmental stages, gated as in A. DD, CD4' CD8'° double-dull; CD4, CD4* CD8" single-
positive; CD8, CD4~ CD8* single-positive thymocytes. (C and D) Flow-cytometric analysis (C) and quantification (D) of indicated thymocyte developmental
stages in Hdac3-KO mice and Hdac3-WT littermates. (From left to right) Distribution of DN subsets, CD69" MHC I° DD cells undergoing negative selection,
CD5M TCRB* DP cells undergoing positive selection, CD5* mature CD4 SP, and CD5* mature CD8 SP thymocytes. Data are representative of two independent
experiments with three to five mice per genotype each. Means + SD are indicated (B and D). P values were calculated by two-tailed Student’s t test (B and D).
*, P < 0.05.
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Figure S3. Characterization of peripheral T cells in E8I-Cre*; Hdac3/fl Hdac3-KO mice. Related to Fig. 1. (A and B) Evaluation of on-target KO efficiency of
Hdac3 in E8I-Cre*; Hdac3f mice. Total CD8 and CD4 T cells were sorted from 6-wk-old TCR-polyclonal E8I-Cre*;Hdac3 and Cre~ Hdac3"" littermates (three
mice each) for assessment of KO efficiency by PCR (A) and immunoblot (B) analysis. A parallel analysis was performed for magnetically purified OT-I transgenic
E8I-Cre*; Hdac3"f and Cre=; Hdac3V T cells. 50 ng of purified genomic DNA was loaded as a template for PCR. Whole cell lysates prepared from 5 x 10° cells
were loaded for immunoblotting. Molecular weights in basepairs or kilodaltons are indicated on PCR gel and immunoblot images, respectively. The mean
percentage reduction in band intensity for HDAC3 in Hdac3-KO relative to Hdac3-WT CD8 T cells is indicated on the Western blot image. (C and D) Evaluation of
Cre-mediated loss of Hdac3 in subpopulations of peripheral CD8 T cells in E8I-Cre*; Hdac3"" mice. Sort-purified total, CD62L* CD44" naive, CD62L* CD44*
Tewm and CD62L- CD44* Tegem CD8 T cells pooled from 3 E8I-Cre*; Hdac3"f mice were analyzed by PCR (C) and immunoblot (D) as in A and B, respectively.
(E) Cell numbers of splenic T cell compartments in 10-wk-old TCR-polyclonal E8I-Cre* and Cre~ Hdac3V? littermates. CD4 Tqn,, conventional CD4* FoxP3~
T cells; CD4* Ty, CD4* FoxP3* regulatory T cells. Data are from one experiment with three mice per genotype. (F) Flow-cytometric characterization of surface
marker phenotypes of splenic CD8 T cells in Hdac3-KO and Hdac3-WT mice gated as in E. Naive, CD62LM CD44% cells; Tey, CD62LM CD44M central memory
cells; Tef/ Tem, CD62L° CD44M effector or effector memory cells. Data are from one experiment with three mice per genotype. (G and H) Analysis of markers of
CD8 effector function in splenic CD8 T cells in Hdac3-KO and Hdac3-WT mice gated as in E. Data are from one experiment with three mice per genotype (E-H).
Means + SD are indicated (E-H). P values were calculated by two-tailed Student’s t test. *, P < 0.05, **, P < 0.01, ***, P < 0.001.
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Figure S4. Analysis of reduced accumulation of Hdac3-KO CD8 T cells in draining LNs after in vivo activation. Related to Fig. 2 and Fig. 3. (A) Ex-
perimental scheme for evaluating TCR activation-induced proliferation of Hdac3-KO and Hdac3-WT CD8 T cells. OT-I T cells from Hdac3-KO mice or Hdac3-WT
littermates were labeled with CFSE and adoptively transferred into CD45.1 congenic WT hosts. Mice were immunized subcutaneously with OVA + poly(l:C) in
PBS, and transferred OT-I T cells were analyzed in LNs draining the immunization site 48 or 96 h after immunization. (B and C) Analysis of proliferation of
Hdac3-KO and Hdac3-WT OT-I T cells after 48 h (B) or 96 h (C) following adoptive transfer and OVA immunization as in A. Data are representative of two
independent experiments with five mice per genotype of transferred OT-1T cells. (D) Experimental scheme for evaluating homeostatic proliferation of Hdac3-
KO and Hdac3-WT CD8 T cells. OT-1 T cells from Hdac3-KO mice or Hdac3-WT littermates were labeled with CFSE and adoptively transferred into lymphopenic
Ragl~/~ hosts to assess cytokine-mediated homeostatic proliferation. (E) Representative flow cytometry plots and quantification of CFSE dilution in transferred
OT-I T cells 48 h after transfer. Gated on live TCRB* CD8a* KP-SIINFEKL-tetramer* cells. Data are representative of two independent experiments with five
recipient mice per genotype of transferred OT-I T cells. (F) Representative flow cytometry plots and quantification of OT-I T cell numbers in spleens of Ragl~/~
recipient mice after 5 d. OT-I T cells were defined as live TCRB* CD8a* KP-SIINFEKL-tetramer* events. Data are representative of two independent experiments
with five recipient mice for each genotype of OT-1 CD8 T cells transferred. (G) Experimental scheme for evaluating the contributions of apoptosis or LN egress
to reduced accumulation of Hdac3-KO CD8 T cells in LNs following activation. CD45.1* TCR-polyclonal mice were adoptively transferred with 10° cells of a 1:
1 mix of congenically distinct Hdac3-KO and Hdac3-WT OT-I T cells and immunized with OVA + poly(1:C) in PBS. Recipient mice received SIPR agonist FTY720
and/or pan-caspase inhibitor Ac-DEVD-CHO intraperitoneally at indicated time points after immunization. (n = 5, FTY720-treated groups; n = 6, FTY720-
untreated groups). (H) Flow-cytometric quantification of changes in relative KO vs. WT frequencies normalized to pretransfer ratios (left), and absolute
numbers of transferred Hdac3-KO and Hdac3-WT OT-I T cells in inguinal LNs of host mice 3 d after immunization (right). Data from cotransferred donor cells of
each genotype within the same recipient mouse were analyzed as pairs. Data are representative of two independent experiments with five mice per treatment
group. (I and J) Flow-cytometric quantification of changes in effector phenotypic markers in transferred OT-1 T cells between different treatment groups as in
G. Data from cotransferred donor cells of each genotype within the same recipient mouse were analyzed as pairs. Data are representative of two independent
experiments with five mice per treatment group. Means + SD are indicated (B, C, E, F, and H). P values were calculated by two-tailed Student’s t test (B, C, E, F,
and H), or two-tailed ratio-paired t test (I and J). *, P < 0.05, **, P < 0.01, ***, P < 0.001.
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Figure S5. Phenotypes of virus-specific CD8 T cells during acute or chronic LCMV infection. Related to Fig. 2 and Fig. 4. (A) Experimental scheme for
longitudinal tracking of OT-I T cell persistence following transfer and acute viral infection with inactivation of Hdac3 at indicated time points. 5 x 103 cells of a 1:
1 mix of congenically distinct Hdac3-inducible KO (Hdac3-iKO) and Hdac3-WT OT-I cells were transferred into CD45.1* TCR-polyclonal recipients. Mice were
then infected intraperitoneally with 2 x 10° PFU of LCMV Armstrong expressing the OVA SIINFEKL epitope (LCMV-OVA), and Hdac3 deletion was induced at the
indicated time points by intraperitoneal injection of tamoxifen on 3 consecutive days. (B and C) Comparison of frequencies of transferred Hdac3-iKO (Hdac3-
inducible knockout) and Hdac3-WT OT-I T cells (B) and representative flow cytometry plots of total CD8 T cells (C) in peripheral blood during and after
resolution of acute LCMV-OVA infection. Data are representative of two independent experiments with three to five recipient mice per treatment group. Data
from cotransferred donor cells of each genotype within the same recipient mouse were analyzed as pairs. (D and E) Analysis of the IFN-y and TNF-a response
in CD8 T cells in indicated organs on day 8 (D) and day 39 (E) of chronic LCMV clone 13 infection as measured by flow cytometry. Data are pooled from two
independent experiments (D) or from one experiment (E), each with four mice per genotype except for kidney data marked t, which is from one experiment
with four mice per genotype. Means + SEM (B) or means + SD (D and E) are indicated. P values were calculated by two-way ANOVA (B) or two-tailed Student’s
t test (D and E). *, P < 0.05, **, P < 0.01, ***, P < 0.001.

Tables S1-S4 are provided online as separate Excel files. Table S1 lists epigenetic inhibitor drugs screened and their perturbations to
the expression of markers of CD8 T cell effector function. Table S2 lists differentially expressed genes between activated Hdac3-KO
and Hdac3-WT CD8 T cells. Table S3 lists differentially expressed genes between activated CD8 T cells treated with HDAC3 inhibitor
RGFP966 or vehicle control. Table S4 lists gene loci with at least one H3K27ac peak showing increased acetylation in activated
Hdac3-KO CD8 T cells relative to Hdac3-WT cells.
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